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Preface 


Atlas of Mycobacterium tuberculosis reveals the in-depth formation of 
M. tuberculosis, describes the ultrastructure of M. tuberculosis in the in vitro 
condition, and underlines how this bacterium structure relates to its function. 
The book was designed to combine the clarity of an atlas with the perspective 
of up-to date knowledge of M. tuberculosis. An atlas format is maintained 
throughout the book, with electronic or atomic micrographs on top of 
the pages with corresponding text below for all chapters except “Chapter 1, 
The Species Concept.” The electronic and atomic micrographs used in this 
book represent the extensive works of authors performed during the years 
2000-2013. However, to explain each picture, authors have used the current and 
primary sources of literature. For researchers interested in exploring beyond 
the information provided in the sections, we have included a list of references 
at the end of the book. Those researchers who work with M. tuberculosis 
understand very well how difficult is to work with M. tuberculosis. We hope 
this book can provide a broad foundation of knowledge in the tubercle bacilli 
that are considered a serious health problem throughout the world. Lastly, we 
would appreciate hearing from readers of our book about the ways they find it 
useful and the ways it could be improved. 
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Chapter 1 


The Species Concept 


Mycobacteria represent a very ancient genus of bacteria (Bates and Stead, 
1993; Benedek, 2004; Donoghue et al., 2004; Taylor et al., 2005). They 
have been around for millions of years and have been adapted to nearly 
every environment on the Earth (ie, water, soil, dust, and air; Falkinham, 
1996, 2002, 2009, 2010; Whiley et al., 2012; Collins et al., 1984; Nassal 
et al., 1974; Papapetropoulou et al., 1997; Hruska and Kaevska, 2012; 
Ghodbane et al., 2014). Their antiquity and their great age were supported 
by valuable evidence collected from the study of mummified ibises and 
cats from Egyptian tombs (Konomi et al., 2002; Daniel, 2006). The genus 
Mycobacterium encompasses several medically important species that cause 
chronic pulmonary and nonpulmonary diseases (Barksdale and Kim, 1977; 
Shinnick and Good, 1994; Hartmans and De Bont, 2006; Saviola and Bishai, 
2006). The generic name of Mycobacterium was initially designated to the 
way that these organisms grew in a mold-like fashion on liquid culture 
media (Lehmann and Neumann, 1896). The main characteristic of myco- 
bacteria are the absence of motility, the morphology of the bacilli (slightly 
curved and rod shaped), and the resistance to acid-alcohol after coloration 
with phenicated fuchsin (Ziehl-Neelsen stain; Ehrlich, 1887; Koch, 1882; 
Goodfellow and Wayne, 1982; Wayne and Kubica, 1986; Rastogi et al., 
2001; Figs. 1.1 and 1.2). 

They belong to the family Mycobacteriaceae (Table 1.1) within the order 
Actinomycetales (Stackebrandt et al., 1997). Actinomycetales include diverse 
microorganisms in ecological and morphological terms (Goodfellow and 
Wayne, 1982; Wayne and Kubica, 1986). The genus Mycobacterium is con- 
sidered to be closely related to other members of Actinomycetales (ie, Cory- 
nebacterium, Nocardia, and Rhodococcus ; Lechevalier and Lechevalier, 1970; 
Collins et al., 1988; Vincent, 1994; Table 1.2). 

Differentiation between the Mycobacterium and allied taxa can be easily 
performed by the length of the carbon backbone, the number of unsatu- 
rated links, the presence of supplementary oxygenated function, and the 
esters produced on pyrolysis (Levy-Frebault and Portaels, 1992; Vincent, 
1994; Rastogi et al., 2001). However, the Ziehl-Neelsen stain for acid fast- 
ness remains the most obvious method to quickly identify Mycobacterium 
(Barksdale and Kim, 1977). In general, the color and morphology of Myco- 
bacterium grown on solid culture media are the main features of these 
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FIGURE 1.1 Visualization of M. tuberculosis using the Ziehl-Neelsen stain. The most impor- 
tant characteristic of Mycobacterium is their acid fastness, was discovered by Ehrlich in 1882. 
Organisms may be stained with any of a variety of basic dyes, but they cannot be subsequently 
decolorized with dilute acids. Their acid fastness is due to the presence of unsaponifiable wax of 
the nature of hydroxy acid known as mycolic acid. Ziehl-Neelsen staining was first described by 
two German doctors — the bacteriologist Franz Ziehl (1859-1926) and the pathologist Friedrich 
Neelsen (1854-1898). 


microorganisms (Tarnok and Tarnok, 1970; David, 1974; McCready and 
Radedge, 1978). Most species are whitish or cream-colored colonies (Fig. 1.3), 
but especially among the rapid growers there are also many bright yellow 
(Fig. 1.4) or orange species containing carotenoid pigments (Fig. 1.5). The 
possession of such pigments and the ability of strains to produce them either 
in the dark (scotochromogenic species) or in response to light (photochro- 
mogenic species) have been used to classify some potentially pathogenic 
Mycobacterium (Juhlin, 1967). 

The morphology of mycobacterial colonies on solid culture media is a stable 
character of a given strain, although variants often arise by spontaneous muta- 
tions (Fregnan and Smith, 1962; Vestal and Kubica, 1966). The basic types of 
colonies, are “rough” and “smooth” (Figs. 1.6 and 1.7). 
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FIGURE 1.2 Transmission electron microscopy (TEM) of the type-species of M. tuberculosis. 
Species was first seen by Koch in 1 882. It was in the form of a bacillus, 1—4 pm long and 0.3-0. 6 pm 
in diameter (Runyon et al., 1974). 


CLASSIFICATION OF MYCOBACTERIUM 

The identification of the genus Mycobacterium began in the late 1800s with the 
discovery of the leprosy bacillus (originally named Bacillus leprae ; Hansen, 
1880) and the tubercle bacillus (originally named Bacterium tuberculosis ; Zopf, 
1883). However, their classification began in 1896 when Lehmann and Neumann 
placed the genus Mycobacterium in the Mycobacteriaceae family, Actinomyce- 
tales order, and Actinomycetes class. In the early period classification was based 
on one or more characters or patterns of characters that all members of a group 
have and that members of other groups do not have. The defined characteristics 
were morphology (rod shaped, nonmotile), and acid-alcohol fastness, which led 
to difficulties in clearly distinguishing members of the genus Mycobacterium 
from closely related genera (ie, Nocardia, Rhodococcus, and Corynebacterium). 
Therefore additional criteria were developed for differentiating these genera, 
including gram staining, growth rate, and mycolic acid profiles (Castelnuovo 
et al., 1968; Kwapinski et al., 1970; Lechevalier et al., 1971; Ridell and Norlin, 
1973). Runyon (1959) classified members of mycobacteria on the basis of their 
growth, pigmentation, and clinical significance (Table 1.3). 

Groups I, II, and III included only slowly growing mycobacteria (ie, 
organisms that require more than 1 week to grow) whereas Group IV 
included rapidly growing mycobacteria that require 1 week or less for cul- 
ture. Runyon Group I includes photochromogenic strains, in which colonies 
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TABLE 1.1 Classification of Mycobacterium 



acquire pigmentation only in the presence of light. Group II includes scoto- 
chromogenic strains that are pigmented in the presence or absence of light. 
Group III comprises nonchromogenic strains (Runyon and Selin, 1959). 
This classification system is very useful; however, it has some limitations. 
For example, members of the Mycobacterium avium-intracellulare complex 
are nonphotochromogens in Runyon’s scheme, but some isolates produce 
slightly pigmented colonies, potentially causing incorrect classification as a 
scotochromogen. Moreover, it has been repeatedly observed that particular 
slow-growing strains are scored as giving a negative response but give posi- 
tive responses upon longer incubation (Sneath, 1970). With the identification 
of more characters in Mycobacterium, investigators began using an Adanso- 
nian classification scheme known as numerical taxonomy. The principles of 
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TABLE 1.2 Chemical Characteristics of Mycobacterium and Closely Related 
Members 


Mycolic Acids 


Genus 

GC 

Content 

of DNA 

(mol %) 

Overall 

Size 

(Number 

of 

Carbons) 

Ester 

Pyrolysis 

Products 

(Number of 

Carbons in 

Chain) 

N-glycolyl 
in Glycan 
Moiety of 

Cell Wall 

Nocardia 

64-69 

46-60 

12-18 

+ 

Mycobacterium 

62-70 

60-90 

22-26 

+ 

Gordona 

63-73 

48-66 

16-18 

- 

Corynebacterium 

48-59 

22-38 

8-18 

- 

Tsukamurella 

63-73 

64-78 

20-22 

+ 

Rhodococcus 

63-73 

34-52 

12-18 

+ 


Goodfellow and Wayne (1982), Vincent (1994), Hartmans et al. (2006), Rastogi et al. (2001). 


Adansonian taxonomy are ( 1) it is based upon as many characters as possible, 
(2) each character is given equal weight, (3) the overall or phonetic similar- 
ity between each pair of strains is calculated from the number of characters 
that they have in common, and (4) organisms that share many characteristics 
are grouped together (Bojalil et al., 1962; Sneath, 1970; Bradley and Bond, 
1974). In this system it is essential that many organisms be examined with 
respect to many characters. As expected, the discriminatory power of the 
approach as well as the reliability and significance of the clustering of strains 
increases as the number of independent characteristics measured increases. 
In general, it provided a thorough description of each species and facilitated 
the discovery of tests that could distinguish reliably in various species (Shinnick 
and Good, 1994). However, when the numbers of strains and properties 
studies increased, the assimilation of a large amount of phonetic information 
into a coherent picture of relatedness became more difficult. To facilitate 
the analysis of relatedness of strains and species, an International Work- 
ing Group on Mycobacterial Taxonomy (IWGMT) was established (1967). 
Through the concerted efforts of the IWGMT and individual investigators, 
the Mycobacterium genus has become one of the best described genera. 
Wayne et al. (1971) performed a cooperative numerical taxonomic analysis 
of slowly growing scotochromogenic mycobacteria of Runyon’s Group II. 
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FIGURE 1.3 The colonies of Mycobacterium on solid culture media can be of various shades 
from cream to yellow and deep orange color. M. tuberculosis produces cream-colored buff, rough 
colonies after 2-3 weeks inoculation on Lowenstein-Jensen medium. 


These workers defined four clusters; three of the clusters corresponded to 
named species (Mycobacterium flavescens, Mycobacterium gordonae, and 
Mycobacterium scrofulaceum). The fourth cluster may represent a new spe- 
cies. Cross and Goodfellow (1973) proposed a similar but more extensive 
grouping; he separated Mycobacterium leprae from Mycobacterium genus. 
On the basis of pigment production he subdivided the rapid grower Myco- 
bacterium into nonpigmented mycobacteria and scotochromogenic mycobac- 
teria (Table 1.4). This division had no formal taxonomic standing but was 
clinically useful in identification schemes. 
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FIGURE 1.4 The colonies of photochromogenic strains of Mycobacterium (Runyon classifica- 
tion), when exposed briefly to light, become brilliant yellow. 


Kubica (1973) has formulated a simplified taxonomic scheme that facili- 
tates identification of most clinically important mycobacteria recovered from 
man. The scheme is based upon growth rate and 1 1 other simple tests selected 
from 82 taxonomic characters (Bradley and Bond, 1974). The selected tests for 
the abbreviated scheme were niacin production, nitrate reduction, catalase pro- 
duction, photochromogenicity, tween 80 hydrolysis, tellurite reduction, sodium 
chloride tolerance; aryl sulfatase activity, and growth on MacConkey medium 
(Table 1.5). 

Bradley and Bond (1974) described some of the basic principles of mea- 
suring DNA homology and its significance and application in mycobacterial 
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FIGURE 1.5 The colonies of scotochromogenic strains of Mycobacterium (Runyon classification). 
The grown colonies in the presence or absence of light are pigmented (from dark yellow to deep orange). 


classification. The DNA hybridization experiments showed a low degree of 
homology between mycobacterial species (Baess, 1974; Bradley, 1973). Wayne 
(1978) reviewed some of the limitations of applying conventional numerical 
taxonomy to the genus and discussed the importance of evaluating numerical 
classifications in respect to relationships based on other criteria. An objective 
taxonomical classification may be obtained by correlating the results of numeri- 
cal taxonomic studies with the determination of DNA base compositions and 
measurements of DNA homology (Grange, 1982; Imaeda et al., 1982). In 1980 
the International Code of Nomenclature of the bacteria (ICNB) published the 
name of 41 Mycobacterium species (Table 1.6). 
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FIGURE 1.6 Smooth colonies of Mycobacterium grown on Lowenstein-Jensen medium. 



FIGURE 1 .7 Rough colonies of Mycobacterium grown on Lowenstein-Jensen medium. 


TABLE 1.3 Runyon's Classification Schemes of the Nontuberculous 
Mycobacteria 

Groups 

Classification 

Description of Colonies 

Group 1 

Photochromogen 

Not pigmented unless exposed to light 

Group II 

Scotochromogen 

Pigmented when grown in the dark and 
in the light 

Group III 

Nonphotochromogen 

Not pigmented when grown in the dark 
or in the light 

Group IV 

Rapid grower 

Growth on solid media in <7days 
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TABLE 1.4 Cross and Goodfellow System of Classification (1973) 

Group 

Name of Species 

M. Leprae and other noncultivable 
species (eg, M. lepraemurium) 


M. tuberculosis (also include M. bovis, 

M. microti) 


Photochromogenic mycobacteria 

M. kansasii, M. marinum 

Slowly growing scotochromogenic 
mycobacteria 

M. scrofulaceum, M. marianum, 

M. gordonae, M. flavescens 

Nonchromogenic slow-growing 
niacin-negative mycobacteria 

M. avium, M. intracellulare, M. terrae, 

M. gastri, M. ulcerans 

Rapidly growing nonpigmented 
mycobacteria 

M. fortuitum, M. abscessus, M. smegmatis, 

M. diernhoferi, M. chitae 

Rapidly growing scotochromogenic 
mycobacteria 

M. gilvum, M. obuense, 

M. thermoresistibile, M. vaccae, M. duvalii, 

M. flavescens, M. phlei, M. rhodesiae 



TABLE 1.5 Kubica's Taxonomic Scheme of Mycobacteria 

Group 1 

M. kansasii, M. marinum 

Group II 

M. scrofulaceum, M. gordonae, M. flavescens 

Group III 

M. xenopi, M. avium, M. intracellulare, M. gastri, 

M. terrae, M. trivale 

Group IV 

M. fortuitum, M. vaccae, M. abscessus, 

M. smegmatis, M. phlei 

Principal human pathogens 

M. tuberculosis, M. bovis, M. africanum 



Goodfellow and Wayne (1982) have updated the description of the genus in 
their review: 

[MJycobacteria are aerobic, acid-alcohol fast actinomycetes that usually 
produce slightly curved or straight rods and coccoid elements; aerial hyphae 
are usually absent. Strains have meso-diamino-pimelic acid, arabinose and 
galactose in the peptidoglycan, produce straight-chain unsaturated fatty acids, 
contain complex mixtures ofmycolic acids (C-60 to C-90) and dihydrogenated 
menaquinones with nine isoprene units, and the G + C content of their DNA 
ranges from 62% to 70%. 
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TABLE 1.6 The List of Mycobacteria Published by International Code of 
Nomenclature of Bacteria 


Taxon 

Growth Rate 

Taxon 

Growth 

Rate 

M. africanum 

Rapid 

M. malmoense 

Slow 

M. asiaticum 

Slow 

M. marinum 

Slow 

M. aurum 

Rapid 

M. microti 

Slow 

M. avium 

Slow 

M. nonchromogenicum 

Slow 

M. bovis 

Slow 

M. neoaurum 

Rapid 

M. chelonae 

Rapid 

M. parafortuitum 

Rapid 

M. chitae 

Rapid 

M. paratuberculosis 

Slow 

M. duvalii 

Rapid 

M. phlei 

Rapid 

M. farcinogenes 

Rapid 

M. scrofulaceum 

Slow 

M. flavescens 

Rapid 

M. senegalense 

Rapid 

M. fortuitum 

Rapid 

M. simiae 

Slow 

M. gadium 

Rapid 

M. smegmatis 

Rapid 

M. gastri 

Slow 

M. szulgai 

Slow 

M. gilvum 

Rapid 

M. terrae 

Slow 

M. gordonae 

Slow 

M. thermoresistibile 

Rapid 

M. haemophilum 

Slow 

M. triviale 

Slow 

M. intracellulare 

Slow 

M .tuberculosis 

Slow 

M. kansasii 

Slow 

M. ulcerans 

Slow 

M. komossense 

Rapid 

M. vaccae 

Rapid 

M. leprae 

Slow 

M. xenopi 

Slow 

M. lepraemurium 

Slow 




Kazda (1983) classified the mycobacteria into four groups on the basis of 
ecologically relevant properties (Table 1.7). 

In 1984 Kubica and Wayne included three new species of Mycobacterium 
( M . chelonae subsp. chelonae, M. chelonae subsp. abscessus, M. sphagni ), which 
brings the number of species to 44. By the end of 1983 there were 52 described 
species. In early 1999 several studies were published that covered the phyloge- 
netic structure of the fast- and slow-growing mycobacteria (Smida et al., 1988; 
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TABLE 1.7 On the Basis of Ecological Properties, Kazda (1983) Classified 
Mycobacteria Into Four Groups 

Classification 

Species 

Obligate pathogens (unable to multiply 
outside living beings) 

M. tuberculosis 

M. bovis 

M. africanum 

M. asiaticum 

M. malmoense 

M. microti 

M. simiae 

M. szulgai 

M. haemophilum 

Facultative pathogens 

M. leprae 

M. paratuberculosis 

M. ulcerans 

Potential pathogens 

M. avium 


M. chelonae 

M. fortuitum 

M. intracellulare 

M. kansasii 

M. marinum 

M. senegalense 

M. scrofulaceum 

M. xenopi 

Saprophytic species 

M. gordonae 

M. nonchromogenicum 

M. triviale 

M. terrae 

M. gastri 

Most of the rapid-grower species 
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Rogall et al., 1990; Stahl and Urbance, 1990; Pitulle et al., 1992). These data 
by and large supported the clustering of mycobacteria according to their growth 
behavior and indicated that the mostly clinical, slow-growing strains evolved 
from their fast-growing relatives (Pitulle et al., 1992). The analysis of large 
information-bearing molecules such as nucleic acids and nucleotide sequences 
of ribosomal RNA (rRNA) genes have been used to construct phylogenetic trees 
among mycobacteria (Wayne and Diaz, 1985; Stackebrandt et al., 1987). The 
basic ideas that make rRNA genes particularly useful as molecular evolutionary 
clocks are (1) rRNA genes are ubiquitous among the bacteria and eukaryotes, 
(2) rRNA functions have been highly conserved over extremely long evolution- 
ary times, (3) rRNA sequences are sufficiently long to contain a large amount 
of phylogenetic information, and (4) rRNA molecules display extensive second- 
ary structure that helps align the nucleotide sequences and identify differences 
(Shinnick and Good, 1994). The phylogenetic trees of the genus Mycobacterium 
using a sequence of 16S rRNA genes showed that all species of Mycobacterium 
are closely related to each other and distantly related to members of other gen- 
era (Pitulle et al., 1992; Rogall et al., 1990; Shinnick and Good, 1994). 

At present more than 150 recognized or proposed species meet the standard 
for inclusion in the genus of Mycobacterium. These species are usually grouped 
into two major divisions — rapidly growing and slowly growing — on the basis of 
the time required for visible colonies to appear on a solid medium after plating 
sufficiently dilute suspensions to give well-separated colonies (ie, presumably 
colonies arising from single cells). The appearance of colonies requires fewer 
than 7 days for the rapidly growing species and more than 7 days for the slowly 
growing species (Table 1.8). 

MYCOBACTERIUM TUBERCULOSIS COMPLEX 

Mycobacterium tuberculosis complex (MTC) constitutes a remarkably genetically 
homogeneous group. They are characterized by 99.9% similarity at the nucleotide 
level and identical 16S rRNA sequences (Boddinghaus et al., 1990; Sreevatsan 
et al., 1997), but they differ widely in terms of their host tropisms, phenotypes, and 
pathogenicity (Brosch et al., 2002; Rastogi and Sola,2007; Wirth et al., 2008). The 
MTC includes Mycobacterium tuberculosis, Mycobacterium africanum, Mycobac- 
terium bovis, Mycobacterium microti, Mycobacterium canettii, Mycobacterium 
caprae, Mycobacterium pinnipedii, Mycobacterium suricattae, Mycobacterium 
mungi, Mycobacterium dassie, and Mycobacterium oryx. From those species, 
M. tuberculosis, “a pathogen of the mammalian respiratory system,” is the most 
well-known member, infecting more than one-third of world’s human population; 
it is also able to infect animals that have contact with humans (Borgdorff, 2000; 
Smith, 2004; Dye, 2006; Montoro and Rodriguez, 2007; van Soolingen et al., 2007). 

M. bovis displays the broadest spectrum of host infection, affecting humans, 
domestic or wild bovines, and goats (Karlson and Lessel, 1970; Grange et al., 
1996; Phillips et al., 2003; O’Brien, 2011). M. bovis is usually transmitted to 
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TABLE 1.8 Routine Tests Used for Classification of Mycobacterium 

Slowly Growing Species 

Rapidly Growing Species 

Growth at different temperatures (25, 30, 

Growth at different temperatures (25, 30, 

37, 42, and 45°C) 

37, 42, and 45°C) 

Pigmentation 

Pigmentation 

Biochemical tests 

Biochemical tests 

Heat-resistant catalase 

Niacin production 

Semiquantitative catalase 

Nitrate reductase 

Tween 80 hydrolysis 

Iron uptake 

Urease 

Acid phosphatase 

Niacin production 

3-day arylsulfatase 

Nitrate reductase 

1 0-day arylsulfatase 

Acid phosphatase 

Pyrazinamidase 

3-day arylsulfatase 

a-Esterase 

10-day arylsulfatase 

(5-Esterase 

Pyrazinamidase 

P-Galactosidase 

a-Esterase 

Degradation of p-ami nosalicylate 

|3-Esterase 

Acetamidase 

P-Galactosidase 

Isonicotinamidase 

Mycolic acid profile 

Allantoinamidase 

Mycolic acid pyrolysis esters 

Succinamidase 

DNA-DNA hybridization analysis 

Production of acid from L-arabinose, 

16S ribosomal RNA sequence 

xylose, or dulcitol 

Utilization of xylose, oxalate, citrate, 
sorbitol, mannitol, or trehalose 

Mycolic acid profile 

Mycolic acid pyrolysis esters 

DNA-DNA hybridization analysis 

16S ribosomal RNA sequence 




humans by infected milk, although it also spread via aerosol droplets (Velayati 
et al., 2007). M. bovis BCG, historically known as Calmette et Guerin, is pre- 
pared from an attenuated strain of the live bovine tuberculosis bacillus M. bovis 
(King and Park, 1929; Aronson, 1948; Andersen, 1948). M. bovis BCG is the only 
vaccine used in tuberculosis prevention during early childhood (Murohasi, 1948; 
Price, 1949; Trunz et al., 2006; WHO, 2007; Roy et al., 2014). M. canettii and M. 
africanum are closely related to M. tuberculosis. M. canettii was first reported in 
1969 (Canetti), has shorter generation time than clinical isolates of M. tubercu- 
losis, and presented a unique characteristic phenolic glycolipid and lipooligosac- 
charide (van Soolingen et al., 1997). Tuberculosis caused by both M. canettii and 
M. africanum appears to be an emerging disease in African patients or those of 
African ancestry (Forrellad et al., 2013). M. microti is a rodent pathogen, usually 
isolated from voles, and it can also cause diseases in immunocompromised human 
patients (Brosch et al., 2002). M. caprae has been recognized mainly in central 
Europe, where it has been occasionally isolated from tuberculous lesions from 
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TABLE 1.9 Spoligotyping Subdivided M. tuberculosis Into Seven Main 
Lineages 

The main lineages within the M. tuberculosis species 

1. The East-African-Indian (EAI) lineage 

2. The Beijing lineage 

3. The Central-Asian (CAS) or Delhi lineage 

4. The Haarlem family 

5. The Latin American and Mediterranean (LAM) family 

6. The X family: The European IS61 1 0 low banders 

7. The T families and others 


cattle, pigs, red deer ( Cervus elaphus), and wild boars (Sits scrofa). Its isolation 
from humans has also been described (Garcla-Rodnguez et al., 201 1). M. pinni- 
pedii, M. suricattae, M. mungi, M. dassie, and M. oryx can infect seals, meerkats, 
mongoose, dassie, and the Bovidae family (Wagner and Bokkenheuser, 1961; Van 
Ingen et al., 2012; Alexander et al., 2010). 

Today, based on genomic analysis, it has been suggested that members of the 
MTC evolved from a common ancestor via successive DNA deletions/insertions 
resulting in the present speciation of Mycobacterium (Forrellad et al., 2013). 
However, the advent of molecular methods and the discovery of the polymor- 
phic nature of the direct repeat (DR) locus (Groenen et al., 1993; Kamerbeek 
et al., 1997) with subsequent development of the spoligotyping method based on 
DR locus variability introduce more modern concepts and tools for understand- 
ing MTC genotyping (Sola, 1999; Table 1.9). Later, the discovery of tandem 
repeat loci in the MTC (Frothingham and Meeker-O’Connell, 1998; Supply 
et al., 2001; Baker et al., 2004), systematic single-nucleotide polymorphism 
genotyping (Filliol et al., 2006; Gutacker et al., 2006), and large sequence poly- 
morphism (Mostowy and Behr, 2002; Tsolaki et al., 2005; Rastogi and Sola, 
2007) was introduced. These molecular approaches favor of the existence of 
lateral genetic transfer in the precursor of the MTC and allowed the definition 
of genetically different lineages among M. tuberculosis species. 

The East African-Indian lineage was first described in Guinea-Bissau 
(Kallenius et al., 1999) and was shown to be frequent in Southeast Asia, India, and 
East Africa (Kremer et al., 1999). This group of strains is characterized by a low 
number of IS6110 copies. A subgroup of these strains harboring a single copy of 
IS61 10 was shown to be widespread in Malaysia, Tanzania, and Oman (Fomukong 
et al., 1994). These lineages are characterized by the absence of spacers 29-32, the 
presence of spacer 33, and the absence of spacer 34. This lineage was shown to 
belong to Cluster Group 1 or Cluster I (Filliol et al., 2006; Gutacker et al., 2006). 

The Beijing genotype belongs to the principal genetic Group 1 of Sreevatsan, 
and its specific spoligotype pattern is the absence of spacer 1-33 and the pres- 
ence of spacer 34^13 that was discovered in 1995 (van Soolingen et al., 1995). 
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The Central- Asian (CAS) or Delhi lineage with its specific spoligotype pattern 
that is absence of spacers 4-27 and 23-34 is shown to be endemic in Sudan, 
other sub-Saharan countries, and Pakistan (Brudey et al., 2006). This spoligotype- 
signature shows numerous variants and several subgroups such as CASl-Kili 
(for Kilimanjaro) and CASl-Dar (for Dar-es-Salaam), which have already been 
defined on the basis of new spoligotype-signatures that are specific for each new 
clonal complex (McHugh et ah, 2005; Eldholm et ah, 2006). 

The Haarlem family was described in the Netherlands in 1999 (Kremer et ah, 
1999). The spoligotype is characterized by the absence of spacer 31, which is 
due to the presence of a second copy of IS61 10 in the DR region (Groenen et ah, 
1993). Three main spoligotype-signatures define the variants HI to H3 (Filliol 
et ah, 2002). The LAM family is frequent in Mediterranean countries, and its 
presence in Latin America (Zumarraga et ah 2014) is supposed to be linked to 
the Lusitanian-Hispanian colonization of the New World. The family is char- 
acterized by absence of spacers 21-24 in the spoligotyping (Sola et ah, 2001). 
The X family of strains is defined by two concomitant features: a low number 
of IS6110 copies and the absence of spacer 18 in the spoligotyping (Sebban 
et ah, 2002). The X family was also the first group identified in Guadeloupe 
(Sola et ah, 1997) and French Polynesia (Torrea et ah, 1995). Specific epidemic 
variants of this genotype family were described in South Africa (Streicher et ah, 
2004). The T families are strains that miss spacers 33-36 and can hardly be 
classified in other groups. 


Chapter 2 


Microscopic Anatomy of 
Mycobacterium tuberculosis 


To a light microscopist the most important characteristic of mycobacteria is their 
acid fastness, discovered by Ehrlich in 1882. This acid fastness is of immense 
practical importance in rapidly identifying mycobacteria, but this examination 
cannot resolve the internal details of mycobacteria, with the exception of the 
“banding” pattern caused by lipid droplets (Nassau and Hamilton, 1957; Schaefer 
and Lewis, 1965) that is seen in some species (Harada, 1976; Draper, 1982). These 
droplets appear as unstained spherules at regular intervals inside of the bacilli and 
might represent the deposits of lipophilic material that have a storage function 
(Garton et ah, 2002). However, because accurate judgment of the internal organ- 
elles of mycobacteria with light microscopy is technically impossible, investiga- 
tors used more sophisticated microscopes to reveal the detailed information. In 
fact, the work in electron microscopy of mycobacteria started nearly 50 years ago 
(Rosenblatt et ah, 1942), and in some cases it has become possible to correlate 
physical structure with chemical constituents of the bacterial cell. Historically, in 
stained whole cells, three types of internal structures were identified: 

1. lipid vacuoles (Arima et ah, 1972), 

2. dense bodies usually near the poles of the cell (Glauert and Brieger, 1995), 

and 

3. a structure originally considered to be analogous to mitochondria (Mudd 

and Wintersheid, 1953). 

The dense bodies are believed to consist of polyphosphate, which may 
form an energy store in the cell, analogous to the [i-hydroxybutyrate granules 
common in other types of bacteria. The third type of structure, sometimes also 
containing polyphosphate, was apparently also the site of oxidation-reduction 
reactions (Ariji et ah, 1968). It is now known to correspond to the mesosome- 
like body (Fig. 2.1). 

Developments in analytical techniques combined with knowledge of chem- 
istry of the mycobacterial envelope have resulted in a thorough understanding 
of mycobacterial cell wall and its lipids (Draper, 1982; Brennan, 1994; Ortalo- 
Magne et ah, 1996; Daffe and Darper, 1998; Draper and Daffe, 2005; Kremer 
et ah, 2005; Alsteens et ah, 2008). Formally, the cell envelope is composed of an 
outer capsule-like layer, a complex cell wall, and the plasma membrane, which 
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FIGURE 2.1 Longitudinal thin section of Mycobacterium tuberculosis. The cell wall (CW), 
plasma membrane (PM), lipid vacuoles (L), mesosome (M), and nuclear material (N) are visible. 
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is apparently homologous to plasma membranes of other bacteria (Paul and 
Beveridge, 1994; Daffe and Draper, 1998; Hoffmann et al., 2008). The outer 
capsule-like structure contains proteins, polysaccharides, and minor amounts of 
inner lipids, which are apparently in constant turnover (Minnikin, 1982; Picard 
et al., 1984; Andersen et al., 1991; Romain et al., 1993; Laqueyrerie et al., 1995; 
Ortalo-Magne et al., 1995). This superficial layer, which occurs in all mycobac- 
terial species, was described by Rastogi et al. (1986). Microscopic analysis of 
bacterial cell envelopes indicates that the layered architecture of the mycobac- 
terial cell envelope is more related to that of gram-negative bacteria than that 
of classical gram-positive bacteria in which cytoplasm is surrounded by the 
plasma membrane and a thick peptidoglycan (PG) (Figs. 2. 2-2.4). 

The cell wall consists of a covalently linked cell wall skeleton (CWS) 
plus a somewhat heterogeneous collection of wall-associated molecules, lip- 
ids, and polypeptides (Kotani et al., 1959). The CWS (= 13 nm) is chemically 
composed of three covalently linked constituents: PG (=9nm), arabinogalac- 
tan (AG = 4nm), and mycolic acids (8nm; Rastogi et al., 1986; Benedetti et al., 
1984; Rastogi, 1991). Mycobacterial PG belongs to a family of structures pos- 
sessed by almost all eubacteria (Draper, 1982). The structure is similar to one of 
the most common types found (eg, in Escherichia coll). However, it is slightly 
differs from the common type (Petit et al., 1969; Wietzerbin-Falszpan et al., 
1970). One difference is the N-acylation of muramic acid with a glycol resi- 
due rather than the usual acetyl residue (Adam et al., 1969). The second differ- 
ence concerns the occurrence of a substantial number of unusual cross-linkages 
between two chains of PG. In addition to the usual D-alanyl-diaminopimelate 
linkages, a proportion of bonds involving two residues of diaminopimelic acid 
have been characterized (Wietzerbin et al., 1974). 

AG is composed of three arabinan chains (composed of ~27 D-arabinofurano- 
syl units each) attached to the homogalactan core consisting of 32 D-galactofu- 
ranosyl units of linear alternating 5- and 6-linked [>- o-gal actoturanosy I residues. 
The homoarabinan chains are composed of linear a-D-arabinofuranosyl residues 
with branching produced by 3,5-linked a-D-arabinofuranosyl units substituted 
at both positions by a-D-arabinofuranosyl residues. The nonreducing termini of 
the arabinan chains consist of pentaarabinosyl units; these units contain all of 
the 2-linked arabinofuranosyl residues and are the principal seroactive epitopes 
of the entire AG (Misaki et al., 1974; Daffe and Draper, 1998). 

In the CWS, PG is in covalent attachment to AG, which in turn is attached to the 
mycolic acids. This is termed the cell wall core of the mycolylarabinogalactan PG 
complex (Liu and Gotschlich, 1 967 ; Cunto et al., 1 969). Mycolic acids are long-chain, 
a-branched, [S-hydroxy fatty acids (Asselineau and Lederer, 1950; Minnikin and 
Polgar, 1966). Mycobacterial strains generally contain a complex mixture of differ- 
ent types of mycolates that are readily fractionable by chromatography (Daffe et al., 
1983; Minnikin et al., 1984; Etemadi et al., 1966). Mycobacterial mycolates may be 
grouped into structural types according to the absence or presence of defined oxygen 
functions in addition to the common hydroxyl (on C3) and carboxyl (Cl) groups; 
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FIGURE 2.2 Schematic diagram of Mycobacterium cell wall. The proposed arrangement is 
cytoplasmic membrane, periplasm, cell wall compounds (peptidoglycan, arabinogalactan, mycolic 
acids) and associated lipids, and outer layer (called capsule). Similar to the outer membrane of the 
gram-negative cell wall, porins are required to transport small hydrophilic molecules through the 
outer membrane of the acid-fast cell wall. PIM, Phosphatidylinositol mannosides. 


these functions include keto, methoxy, epoxy, and carboxy groups. The mycolic acids 
in Mycobacterium tuberculosis are alpha, keto, and methoxymycolates containing 
76-82, 84—89, and 83-90 carbons, respectively (Etemadi,1967; Minnikin, 1982) 
(Figs. 2.5 and 2.6). 

The upper segment of the cell wall (outer layer= 12nm) is composed of free 
lipids — some with longer fatty acids complementing the shorter a-chains and 
some with shorter fatty acids complementing the longer chains. Interspersed 
somehow are the cell wall proteins, the phosphatidylinositol mannosides (PIMs), 
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FIGURE 2.3 Mycobacterium tuberculosis imaged by atomic force microscopy. The cell surface is 
homogenous and rough: the root mean square roughness is ~8.0 + 2.5 nm. The roughness represents 
an electron-dense outer layer and not the electron-dense zone. 


the phthiocerol-containing lipids, lipomannan (LM), and lipoarabinomannan 
(LAM). Traversing the whole envelope, some glycolipids, such as the phospha- 
tidylmyoinositol mannosides, LM, and LAM are anchored to the plasma mem- 
brane and extended to the exterior of the cell wall (Figs. 2.7 and 2.8). 

The plasma membrane or cytoplasmic membrane (=7nm) has a triple-layered 
profile characteristic of biomembranes (Brodie et al., 1979). The membrane 
has an asymmetric profile with the outer layer (facing the cell wall) thicker and 
denser than the inner layer (facing the cytoplasm). These layers are an electron- 
dense layer that is separated by an electron-transparent zone. The outer layer is 
composed of mannose-containing phospholipids (PIMs) of approximately 3 nm 
and reacts positively by the cytochemical method for saccharides of Thiery 
(Rastogi, 1991); the inner layer is approximately 2 nm. The membrane does not 
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FIGURE 2.4 Image recorded by the height mode of atomic force microscopy. The three predomi- 
nate parts of the Mycobacterium tuberculosis envelope are the cell wall (CW), plasma membrane 
(PM), and cytoplasmic content (CC). 
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FIGURE 2.5 Thin cross-section of cell wall of Mycobacterium tuberculosis. From cytoplasm to 
the cell periphery, a unit plasma membrane bilayer is followed by an electron-transparent periplas- 
mic space, an electron-dense peptidoglycan layer an electron-transparent middle wall an electron- 
dense outer layer (OL), and an electron-transparent zone that surrounds the OL. 


have any peculiar characteristics except for the presence of some lipopolysac- 
charides that are shared by all Actinomycetales (Mahapatra et al., 2005). The 
membrane provides osmotic protection, regulates the traffic of specific solutes 
between the cytoplasm and the environment, and assumes the cell housekeeping 
tasks. The cytoplasmic membrane is surrounded by a cell wall that protects the 
cell contents, provides mechanical supports, and is responsible for the shape- 
forming property and the structural integrity of the bacterium (Akamatsu et ah, 
1966; Oka et ah, 1968; Goldman, 1970; Kumar et ah, 1979) (Figs. 2.9-2.16). 

The cytoplasmic content of M. tuberculosis is composed of ribosomes, 
nucleoids, and inclusions. Ribosomes are present in the typical dimensions of 
the prokaryotic ribosome. Their number per cell varies; they seems to disappear 
totally from old cells (4 weeks or older; Koike and Takeya, 1961; Trnka et ah, 
1968; Worcel et ah, 1968; Hirata, 1979). 
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FIGURE 2.6 The arrangement of the various layers is diagrammatically shown. The innermost 
layer is the plasma membrane. Outside of the plasma membrane is the cell wall skeleton, which 
consists of peptidoglycan and arabinogalactan followed by mycolate residue. The surface of the 
envelope consists of a more or less loosely attached capsule-like layer of polysaccharide and pro- 
tein, with rather little lipid (Draper, 1998). 


The nucleoid is made up of nonaggregated DNA fibrils, messenger RNA, 
and transcription factor proteins. Inclusions or nonliving substances are pres- 
ent in Mycobacterium cytoplasm and include polysaccharides and lipids. 
They are stored nutrients and secretory products (Silva and Macedo, 1982) 
(Figs. 2.17-2.23). 

The permeability of mycobacteria to substances in their environment is con- 
trolled by the properties of their envelopes (Daffe and Reyrat, 2008). The unique 
mycolic acid bilayer acts as an efficient barrier that can be the major determinant 
of the intrinsic resistance of mycobacteria to most common antibiotics, chemo- 
therapeutic agents, and chemical disinfectants (Brennan and Nikaido, 1995). The 
development of unusual stmcture(s) in the mycobacterial cell envelope has been 
highlighted. This specific pathway can transport the proteins and polysaccharides 
across the outer lipid barrier (Kartmann et al., 1999; Alteri et ah, 2007; Velayati 
et ah, 2009a, b; Danilchanka et ah, 2014; Hosseini et ah, 2014). 

One such pathway is formation of water-filled protein channels, the porins 
(Nikaido, 1994a,b). Porins are transport proteins that allow the direct diffusion 
of small and hydrophilic molecules into the periplasm (Trias et ah, 1992; Trias 
and Benz, 1993). This sort of pore was already well recognized and studied in 
gram-negative organisms, where it is formed by specialized outer-membrane 
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FIGURE 2.7 Vertical cross-section of Mycobacterium tuberculosis cell wall. Atomic force micros- 
copy observation is consistent with transmission electron microscopy data, which revealed a multi- 
layered organization of the cell wall envelope. The electron-transparent zone (ETZ) is clearly visible. 


proteins (Nikaido, 1994a,b). A search was performed for analogous pore-forming 
proteins in M. tuberculosis. Kartmann et al. (1999) described two porins in 
M. tuberculosis. One of them is composed of 15-kDa subunits and has a chan- 
nel conductance of 0.7 nS. The other porin is a 60-kDa protein with a conduc- 
tance of 3nS. On the basis of nucleic acid sequence homology, Senaratne et al. 
(1998) identified the pore-forming outer membrane protein (OmpATb) from 
M. tuberculosis. OmpATb has a pore diameter of 1.4— 1.8 nm and a single-chan- 
nel conductance of only 0.7 nS. In general, the porins of M. tuberculosis are of 
particular interest because three of four first-line tuberculosis drugs are hydro- 
philic and understanding the porin pathway would promote the design of new 
drugs to fight tuberculosis (Raynaud et al., 2002; Niederweis, 2003; Veyron- 
Churlet et al., 201 1; Yang et al., 2011) (Figs. 2.24-2.46). 

The observation of rope-like filaments on the surface of mycobacteria by electron 
microscopy was first reported by Draper and Rees (1970). Their studies reported the 
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FIGURE 2.8 Electron-transparent zone (ETZ) in longitudinal section of Mycobacterium tubercu- 
losis cell wall. ETZ represents an unbound pseudocapsule. The capsule consists of polysaccharides, 
proteins, and glycolipids. The capsule may be protective and bioactive. 


appearance of the fibers as 7 nm in diameter, which seemed similar in morphology 
to isolated waxes or mycolic acid derived from the cell wall of mycobacteria. Later, 
Barksdale and Kim (1977) published a series of papers describing the superficial 
mycosidic integuments of mycobacteria. Barrow et al. (1980) described the superfi- 
cial fibrillar material as 4nm in diameter with a curious transparent appearance. The 
isolated fibers were determined to be composed of lipids, predominantly polar pep- 
tidoglycolipids. In most cases the observed fibers were attributed to C-mycosides or 
peptidoglycolipids derived from the cell envelope. These fibers or pili can mediate 
the specific interaction of mycobacteria with a target in the host (Strom and Lory, 
1993; Klemm and Schembri, 2000). The occurrence of pili was shown in laboratory 
strains (H 37 R V and CDC1551; Alteri et al., 2007) and clinical isolates of M. tuber- 
culosis (Velayati et al., 2009a,b, 2012) (Figs. 2.47-2.52). 
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FIGURE 2.9 The cytoplasmic membrane (CM) has an asymmetric profile with the outer layer 
(facing the cell wall) being thicker and denser than the inner layer (facing the cytoplasm). 
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FIGURE 2.1 0 Cross-section of heat-killed Mycobacterium tuberculosis. The cell wall (CW) and a 
cytoplasmic membrane (CM) are continuous without deformations or reduction in thickness. 
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FIGURE 2.11 The cytoplasm contains a complicated intracytoplasmic membrane system, so- 
called mesosomes ( yellow arrows). Mesosomes appeal' as a result of invagination and subsequent 
bifurcation of the cytoplasmic membrane. On longitudinal sections, mesosomes can appeal' as 
vesicular, tubular, and/or lamellar elements within a membrane envelope, which is connected to the 
cytoplasmic micromembrane. 
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FIGURE 2.1 2 The expansion of the mesosome neck from the cytoplasmic membrane is demon- 
strated. The extension and concentration of the cytoplasmic membrane into the “lamellar structure” 
may serve in intensifying the metabolic activity of the bacteria {yellow arrow). 
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FIGURE2.13 The mesosomal membrane systems are trilaminar, consisting of two electron-dense 
layers separated by an electron-transparent zone. The extension and concentration of the cytoplas- 
mic membrane into the “lamellar structure” (yellow arrow ) may suggest the phylogenetic origin of 
the membranous system. 
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FIGURE 2.1 4 The type and location of the mesosome within the cell may vary depending upon the 
physiological state of the cell. They are differentiated according to their cellular location: the septal 
mesosomes, peripheral or cytoplasmic membrane mesosome, and nuclear mesosomes (arrows). 




FIGURE 2.1 5 The tubovesicular, lamellar-' vesicular, and lamellar-tubular mesosome are demonstrated in cross-sectional analysis {arrows). 
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FIGURE 2.16 Accommodation of cytoplasmic membrane mesosome in the top of elongated 
Mycobacterium tuberculosis (arrows). 
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FIGURE 2.1 7 The cytoplasm or protoplasm is the portion of the cell that lies within the cytoplas- 
mic membrane. The cytoplasm contains low-density areas with fine granular material or threads 
consistent with nuclear regions. Multiple small round to oval granules of various electron densities 
are the most prominent features of the cytoplasm. 



FIGURE 2.18 Mycobacterium tuberculosis discharges the cytoplasmic content. The cytoplasm 
itself is gel-like in consistency and includes chromosomes and ribosomes (arrow). The other con- 
stituents of cytoplasm include proteins, vitamins, ions, nucleic acids and their precursors, amino 
acids and their precursors, carbohydrates and their derivatives, and fatty acids and their derivatives. 



FIGURE 2.19 Cross-section shows nucleoid in Mycobacterium tuberculosis. The nucleoid 
appears as an electron-transparent zone containing numerous fine electron-dense fibrils that may 
form aggregations depending upon fixation. 
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FIGURE 2.20 Mycobacterium tuberculosis has a single circular chromosome that is not enclosed 
in a specific membrane- surrounded compartment. The chromosome is attached to an invagination 
of the cytoplasmic membrane called the mesosome. It comprises 4,41 1,529 bp with approximately 
3900 genes encoding proteins. The high guanine/cytosine content (G + C; 65.5%) was found to be 
uniform along most of the genome, confirming the hypothesis that horizontal gene transfer events 
are virtually absent in modern Mycobacterium tuberculosis. 
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FIGURE 2.21 DNA replication in circular mycobacterial chromosome. The three-dimensional 
arrangement of the bacterial chromosome is shown, and the origin (Ori) and terminus of replication 
present at a very reproducible pattern of localization during the cell cycle. The origin region of the 
chromosome is generally AT nucleotide rich, containing repeats of AT-rich nucleotide sequences 
varying in length from 13 to 16, together with several 9-nucleotide DnaA protein recognition 
sequences called DnaA boxes. 
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FIGURE 2.22 Polyphosphate granules (arrow) are present inside of the cytoplasm and are not 
membrane associated. Polyphosphate granules are associated with diverse functions including 
energy storage and mycobacterial stringent response. 
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FIGURE 2.23 Ribosome (R) as electron-dense particles (10-20nm in diameter) in the cytoplasm 
of the cell. The average number of ribosome in each cell is 1.672 + 568, and the ribosome density 
was 716.5 + 171.4/Oft. 
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FIGURE 2.24 Whole cell of Mycobacterium tuberculosis with porins on their surface. The patho- 
genicity of tubercle bacilli is largely dependent on its surface structures. Among the components of 
the outer membrane, the outer membrane proteins, such as porins (arrows), can play a fundamental 
role in pathogenicity and represent useful targets for therapeutic development. 
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F IG U RE 2 .25 Vertical section of Mycobacterium tuberculosis cell wall shows the porins (arrows). 
Porins or outer membrane proteins can be formed as a channel or pores in M. tuberculosis. The pri- 
mary function of porins is to convert the outer membrane into a molecular sieve. Thus solutes too 
large to fit through the pores are excluded from passage. Recently, porins are proposed to be useful 
for uptake of antibiotics. 
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FIGURE 2.26 Whole cell of Mycobacterium tuberculosis recorded by atomic force microscopy. 
The channel-forming pores are seen on the side of Mycobacterium tuberculosis (black arrows). 
Usually Mycobacterium tuberculosis adapts to low pH, low nutrients, and low oxygen. These chan- 
nel-forming pores may be used for uptake of nutrients or discharge of toxic compounds, which 
requires further investigation. 
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FIGURE 2.27 Vertical section of Mycobacterium tuberculosis shows the channel-forming pores 
recorded by atomic force microscopy (arrow). 
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FIGURE 2.28 Cytoplasmic or protein discharge from channel-forming porins in Mycobacterium 
tuberculosis (black arrows). Gram-negative bacteria use complex nanomachines such as Type I-VI 
secretion systems to secret effector proteins mediating host cell death and subverting the immune 
system. Likewise, there should be a secretion system capable of translocating the proteins across 
the membranes in M. tuberculosis. 
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FIGURE 2.29 Outer membrane channel in totally drug-resistant Mycobacterium tuberculosis. 
Of these bacilli, 10-15% develop the outer membrane channels that are visible on their cell surface 
(black arrows). The function of such channels remains to be resolved. 
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FIGURE 2.30 Outer membrane channel in side wall of totally drug-resistant Mycobacterium 
tuberculosis recorded by atomic force microscopy. The average diameter is from 1 .4 to 3 nm. 
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FIGURE 2.31 Micrograph shows the discharge of material from Mycobacterium tuberculo- 
sis. These materials can be secretory proteins or toxic compounds ( white arrow). When and why 
M. tuberculosis discharges the material require further investigation. 



Microscopic Anatomy of Mycobacterium tuberculosis Chapter | 2 49 



FIGURE 2.32 Side wall of Mycobacterium tuberculosis recorded by atomic force microscopy. 
The protrusion seems to be an outer membrane channel ( white arrows ). 
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FIGURE 2.33 Side-wall protrusion in Mycobacterium tuberculosis cell wall at higher magnifica- 
tion scan. These channels can be used for discharge of materials ( white arrows). 


(A) (B) 



FIGURE 2.34 Tubular protrusion from totally drug-resistant tuberculosis under (A) height and (B) friction contact mode of AFM. The length of tubular extension 
reaches 890 nm to 1 .5 pm. Their end is tapering (ie, a funnel-shaped tube) (white arrows). It is possible that Mycobacterium tuberculosis produces the outer membrane 
channel as a tubular structure on environmental constraints. 
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FIGURE 2.35 Cross-section of Mycobacterium tuberculosis with tubular protrusion ( white 
arrow). The tubular protrusion originates from the cytoplasmic membrane. Two to four percent of 
totally drug-resistant tuberculosis strains elaborate such a long tubular extension. 
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FIGURE 2.36 Height mode of atomic force microscopy shows the tubular protrusion. These 
structures had a low surface roughness (3.5 + 1.2nm), which highlight their origin from the cyto- 
plasmic membrane. 
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FIGURE 2.37 Tubular protrusion in susceptible Mycobacterium tuberculosis. The length of the 
tubular extension reaches to 20-70 nm. 
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FIGURE 2.38 Height mode of atomic force microscopy shows the tubular protrusion in suscep- 
tible Mycobacterium tuberculosis. 
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FIGURE 2.39 The tubular protrusion in susceptible Mycobacterium tuberculosis. These struc- 
tures had a low surface roughness (1.8+ 1.9 nm). 
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FIGURE 2.40 Transmission electron micrograph shows the tubular protrusion in susceptible 
Mycobacterium tuberculosis (arrow). The projection of this tubular structure can be on side walls 
or pole sides of M. tuberculosis. 
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FIGURE 2.41 Discharge of material from susceptible Mycobacterium tuberculosis. These materi- 
als can be secretory proteins or toxic compounds. 
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FIGURE 2.42 Discharge of material from susceptible Mycobacterium tuberculosis recorded by 
atomic force microscopy. 
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FIGURE 2.43 Totally drug-resistant tuberculosis bacilli. Sometimes the tubular protrusion ( black 
arrows) is as long as the bacilli size (up to 2 pm). 
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FIGURE 2.44 Atomic force microscopy recorded tubular projection in left side walls (25 nm) of 
Mycobacterium tuberculosis ( white arrow). 
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FIGURE 2.45 Friction contact mode of atomic force microscopy shows the tapering-end projec- 
tion ( black arrow). On the surface of the cell the porins or pores are visible ( white arrows). 
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FIGURE 2.46 Pili in Mycobacterium tuberculosis. Pili are proteinaceous polymeric structures 
generally composed of a major repeating subunit or pilin and, in some cases, a minor tip-associated 
adhesion subunit. They are straight or flexible filaments, 2-10nm wide and 2-3 pm long {white 
arrows ). 
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FIGURE 2.47 Pili in Mycobacterium tuberculosis recorded by atomic force microscopy ( black 
arrows ). 



Microscopic Anatomy of Mycobacterium tuberculosis Chapter | 2 65 



FIGURE 2.48 Contact mode of atomic force microscopy shows pili in Mycobacterium tuberculo- 
sis. Pili can protrude from different sides of the tuberculosis bacilli surface ( white arrow). Pili can 
be in coiled-coin aggregate fibers or they can be as a single fiber tube-type structure that protrude 
from the head, tail, or side poles of the bacilli. 
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FIGURE 2.49 Pili in Mycobacterium tuberculosis. Sometimes in totally drug-resistant tuberculo- 
sis bacilli the size of the pili reaches to 30 ± 5 nm with an average of 3 pm in diameter. 
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FIGURE 2.50 Cell-to-cell communication by pili ( yellow arrows). Mycobacterium tuberculosis 
can communicate with each other using pili as connectors. In general, pili have two basic functions: 
gene transfer and attachment to surfaces. Thus far the assembly and adhesive functions were sug- 
gested for Mycobacterium pili, but their exact relevance with regard to biological and immunologi- 
cal function is yet to be discovered. 
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FIGURE 2.51 Cell-to-cell communication in Mycobacterium tuberculosis recorded by atomic 
force microscopy. Using a high-resolution technique it becomes clear that M. tuberculosis are com- 
municating with each other ( black arrow). However, it is not known if they can also exchange the 
genetic material. 




FIGURE 2.52 Cross-section of cell-to-cell communication in Mycobacterium tuberculosis by pili like structure ( black arrows ) under (A) height and (B) friction 
mode of atomic force microscopy. Communication and/or exchange of genetic material might open new intriguing gates that could possibly challenge the impact of 
future my cobacteriology research. 
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Chapter 3 


Diversity in Cell Shape of 
Mycobacterium tuberculosis 


Under the light microscope, tubercle bacilli typically appear as a straight or 
slightly curved rod (Ziehl, 1882). The dimensions of bacilli varied from 1 to 
10 pm in length (usually 3-5 pm) and 0.2-0. 6 pm in width (Whitman et al., 
2012). They are metabolically flexible and are capable of adapting to any 
environmental changes throughout the course of infection (Ramakrishnan 
et al., 1972; Niederweis, 2008). The success of Mycobacterium tuberculosis 
as a pathogen can be attributed to its extraordinary capacity to change its 
shape under stress conditions (Edson, 1951; McCune and Tompsett, 1956; 
Mattman, 1970; Ramakrishnan et al., 1972; Nyka, 1974; Takahashi, 1979; 
Khomenko et al., 1983; Wayne, 1976, 1981, 1994; Wayne and Sohaskey, 
2001; Niederweis, 2008; Cook et al., 2009). During the last 2 decades the 
possibility of morphological variations in tubercle bacilli was suggested by 
many investigators (Malassez and Vignal, 1883; Nocard and Roux, 1887; 
Metschnikoff, 1888; Lubarsch, 1899; Fischel, 1893; Vera and Rettger, 1940). 
They showed under unfavorable conditions (ie, a limited food supply or oxy- 
gen deprivation) that Mycobacterium assumed a swollen appearance without 
forming the vacuolar or globoid bodies (Vera and Rettger, 1940). However, 
these early reports were based on stained preparations and were subjected to 
severe criticism (Porter and Yegian, 1945). Today with advances in micro- 
scopic techniques (ie, transmission electron microscopy, scanning electron 
microscopy, and atomic force microcopy) almost all investigators have agreed 
that the Koch bacillus does not always manifest itself in the classical rod 
shape. Among the factors that can influence the shape of M. tuberculosis are 
growth conditions, ages of the cultures, nutritional quality, physical conditions 
(hypoxia, temperature, pH, salinity), nutrient deprivation, and various exog- 
enous stress conditions (Vera and Rettger, 1939; Wheate, 1951; Bongiorno, 
1953; Nakamura, 1958; Khomenko et al., 1983; Smeulders et al., 1999; Honer 
et al., 2001; Young et al., 2005; Anuchin et al., 2009; Velayati et al., 2009a,b, 
2011, 2016; Farnia et al., 2010; Singh et al., 2010; Shleeva et al., 2002, 2011; 
Markova et al., 2012; Sieniawska et al., 2015). Unfortunately, in most of 
cases we do not know if shape per se is beneficial because the knowledge of 
M. tuberculosis physiology during this process has been limited by the slow 
growth of the bacterium in the laboratory. We recently designed an experi- 
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FIGURE 3.1 Scanning electron microscopy (SEM) of Mycobacterium tuberculosis at the expo- 
nential phase of growth. Cells inactivated in 1 mL of solution containing 2% paraformaldehyde 
and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). Then it was treated with 2% 
osmium tetroxide in 0.1 M cacodylate buffer for 2 hat room temperature. Dehydration was followed 
using a sequential grade of ethanol (50%, 70%, 95%, and 100%). Dried samples were gold-sputter- 
coated and imaged under SEM. 


mental setup to study M. tuberculosis under different growth conditions. We 
classified the morphological variation of M. tuberculosis into two categories: 
those that are frequently seen at the exponential phase of growth (rod, V, or 
Y shape, branched or buds) and those that are seen occasionally under stress 
or environmental conditions (round, oval, ultravirus, spore-like, and cell wall 
defiant or L-forms; Velayati et al., 2009a,b,c, 2012a,b; Farnia et al., 2010; 
Velayati and Farnia, 2012a,b; Velayati et ah, 2016) (Figs. 3.1-3.29). 
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FIGURE 3.2 Most of the Mycobacterium tuberculosis population are slender, rod-shaped bacilli. 
The dimensions of the bacilli have been reported to be 1-10 pm in length (usually 3-5 pm) and 
0.2-0. 6 pm in width. 



FIGURE 3.3 The most classical form of Mycobacterium tuberculosis is the slender rod shape that 
is seen in stained smears, but the bacilli can also be in round form. The number and size of round 
bacilli are variable in different growth conditions. 
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FIGURE 3.4 Mycobacterium tuberculosis were negatively stained using a 3% solution of uranyl 
acetate and examined under transmission electron microscopy. The population of bacilli has a dif- 
ferent shape and size in the exponential phase of growth. 
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FIGURE 3.5 The size of round Mycobacterium tuberculosis may be variable from 0.9 to 0.3 pm 
depending on their growth conditions. 
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FIGURE 3.6 The round-shaped Mycobacterium tuberculosis can be formed by asymmetrical or 
budding type of cell divisions. 
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FIGURE 3.7 The round-shaped Mycobacterium tuberculosis can be formed by an asymmetrical 
type of cell. The atomic force microscopy image shows the internal details of round-shaped bacilli. 
Similar to its rod-like mother cells, the round cells also consist of dense nuclear masses within 
granular cytoplasm. 




FIGURE 3.8 The round-shaped Mycobacterium tuberculosis recorded by the (A) height and (B) deflection mode of atomic force microscopy. The number of 
round-shaped cells is low in susceptible tuberculosis populations (1-2%) whereas their number increases considerably in extensive and extreme drug-resistant 
strains (10-15%). These morphological changes may help them to escape the immune response and/or overcome the inhibitory effect of most antibiotics. 
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FIGURE 3.9 Mycobacterium tuberculosis is sometimes oval in shape. The ovoid forms of bacilli 
are characterized by low metabolic activity and elevated resistance to antibiotics. 
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FIGURE 3.10 Image of ovoid-shaped Mycobacterium tuberculosis recorded by the deflection 
mode of atomic force microscopy. To image tubercle bacilli on silicon plates, the surface was 
charged with polyclonal rabbit anti-mycobacterium antibody. 
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FIGURE 3.1 1 Transmission electron microscopy shows the round- and rod-shaped Mycobacterium 
tuberculosis. It was recently suggested that shapes and not the size are the dominant factor in deter- 
mining whether particles were phagocytized or not. 
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FIGURE 3.1 2 Transmission electron microscopy shows the elongated rod-shaped Mycobacterium 
tuberculosis. The size of the rod-shaped M. tuberculosis varies from 4.3 x 0.4 to 1.0x0. 2 pm. 
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FIGURE 3.1 3 Mycobacterium tuberculosis under stress conditions reduces its size. Atomic force 
microscopy shows the rod-shaped bacilli under stress or harsh conditions (ie, excess antibiotics) 
with size reduction (from 0.9 x 0.2 to 0.5 x 0.2 pm). 
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FIGURE 3.14 Mycobacterium tuberculosis has a smooth cell surface in the absence of harsh 
conditions. The average surface roughness on 200x200nm is approximately 8.0± 2.5 nm with a 
cell wall thickness of 12-15 nm. 
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FIGURE 3.1 5 The surface of Mycobacterium tuberculosis under anaerobic cultures (30-50 days) 
develops a dense and homogenous layer that covers the bacilli. 
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FIGURE 3.16 The surface of totally drug-resistant Mycobacterium tuberculosis recorded by 
atomic force microscopy. The average surface roughness increases and reaches — 21 .5 ± 1.8 nm. 
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FIGURE 3.1 7 The V-shaped Mycobacterium tuberculosis recorded by the height mode of atomic 
force microscopy. Formally, the V forms arise by any of three methods: (1) germinating of adjacent 
coccoid elements, (2) subpolar germination (budding) of rods, and (3) snapping postfission move- 
ments. 
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FIGURE 3.1 8 The V-shaped Mycobacterium tuberculosis. In tubercle bacilli, during septum for- 
mation the plasma membrane and inner cell wall grow inward but the outer cell wall layer remains 
intact. Upon completion of septum formation with a cross-wall, the inner layer may continue to 
grow and thus exert pressure upon the outer cell wall layer. The outer layer eventually ruptures first 
on one side of the cell, and the two daughter cells bend in on the side where the outer layer is still 
intact, forming a V shape. 




FIGURE 3.19 The V-shaped Mycobacterium tuberculosis recorded by (A) height and (B) deflection mode of atomic force microscopy. 
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FIGURE 3.20 The heat-killed Mycobacterium tuberculosis in exponential phase of growth. The 
Y-shaped tuberculosis bacilli are also present in susceptible populations. It is believed that branch- 
ing in Mycobacterium is similar to Actinomycetes branching in general — transient and probably a 
means to allow for simple, vegetative division. 
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FIGURE 3.21 The Y-shaped Mycobacterium tuberculosis under transmission electron micros- 
copy. 
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FIGURE 3.22 The Y-shaped Mycobacterium tuberculosis under transmission electron transmis- 
sion microscopy. 
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FIGURE 3.23 The Y-shaped Mycobacterium tuberculosis in totally drug-resistant populations 
recorded by the height mode of atomic force microscopy. The mechanisms involving branching 
in the Y-shaped tuberculosis bacilli may be a simple type of vegetative fission rather than true 
mycelium formation. However, we recently reported the mycelium type of division in totally drug- 
resistant tuberculosis bacilli. 
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FIGURE 3.24 Elongated L-shaped Mycobacterium tuberculosis in the exponential phase. The 
dividing M. tuberculosis cells display a greater morphological diversity than is generally regarded. 
They may also appear as an elongated L-form shape. 
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FIGURE 3.25 Variable shapes of tubercle bacilli in exponential phase recorded by atomic force 
microscopy. They can be of L-form, round, and rod shapes. 
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FIGURE 3.26 Scanning electron microscopy shows the variable size of Mycobacterium tubercu- 
losis at the exponential phase of growth. 
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FIGURE 3.27 The Y-shaped Mycobacterium tuberculosis recorded by atomic force microscopy. 
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FIGURE 3.28 The classical rod shape of Mycobacterium tuberculosis recorded by atomic force 
microscopy. 
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FIGURE 3.29 The oval-shaped Mycobacterium tuberculosis recorded by atomic force micros- 
copy. 


Chapter 4 


Cell Division in Mycobacterium 
tuberculosis 


The Actinomycetes make up a morphologically diverse family including fila- 
mentous, coccoid, rod-shaped, and fruiting -body-producing bacteria, many 
of which display unique and complex life cycles (Embley and Stackebrandt, 
1994; Goodfellow et ah, 2012). In general, the rod-shaped bacteria grow 
along their longitudinal axis up to a critical size, after which they divide into 
two identical progeny by binary fission (Harry et ah, 1999; Trevors, 2004; 
Goehring and Beckwith, 2005; Donovan and Bramkamp, 2014). This repro- 
duction follows an ordered, programmed sequence of events in which cells 
increase in mass, replicate genetic material, and segregate newly formed 
chromosomes before dividing the cytoplasmic and genetic material into two 
daughter cells. Therefore in many rod-shaped bacteria the cell division is 
divided into two stages of process: (1) elongation of mother cells and (2) divi- 
sion of elongated mother cells into two equal cells. In this symmetrical man- 
ner of division, the daughter cell has the same size. However, mycobacteria do 
not always adhere to the “one size fits all” rule and can divide in an asymmet- 
ric manner that produces daughter cells of unequal sizes (Typas et ah, 2010; 
Kieser and Rubin, 2014; Uhla et ah, 2015). 

The earliest observable events in cell division in Mycobacterium species 
started with the tremendous work of Brieger and Fell (1945) on the Mycobac- 
terium avium life cycle. They described the growth of M. avium on chicken 
embryo extract as follows: “The bacillus elongates during the first 24 h to 
form a filament, several times its original length; this divides repeatedly 
to form a bunch of 20-30 filaments which on the second or third day break 
down into short rods, which continue to multiply slowly by ordinary fis- 
sion.” If the bacilli are subcultivated in fresh embryo extract, then the cycle 
is repeated but not otherwise. This pattern was also observed on a grid using 
phase-contrast microscopy (Brieger and Glauert, 1952). Later, McCarthy 
(1971, 1974, 1976, 1978) proposed a complex relation among bacterial mor- 
phology, growth conditions, and virulence for animals. Technical advances in 
electron microscopy revealed the importance of the intracytoplasmic mem- 
brane during cell division in Mycobacterium leprea, Mycobacterium lepra- 
murium, and other Mycobacterium species (Wheate, 1951; Yamamoto et ah, 
1958; Imaeda and Convit, 1962; Imaeda and Ogura, 1963; Edwards, 1970). 
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Further studies documented the sequential changes during bacillary division in 
M. lepreci (Edwards, 1970). The observed changes in Mycobacterium species 
during cell divisions included (1) the development of a slight concavity in the 
plasma membrane, (2) the formation of two new electron-dense layers between 
the concavity and the original cell wall, and (3) the invagination or annular 
growth of the plasma membrane and cell wall until division is complete 
(Werner, 1951; Brieger and Glauert, 1952; Edwards, 1970). Kolbel (1970) proposed 
the theory of conjugation for mycobacteria. However, alternative interpreta- 
tions of the images, either as accidentally adjacent bacteria or as branched cells, 
have not been ruled out. Csillage (1962, 1964, 1970) described Mycobacterium 
tuberculosis as dimorphic organisms and submitted an argument for the unlike- 
lihood of contamination by isolating mycococci from cultures of Mycobacte- 
rium plilei. From published pictures of other species it seems that the process 
of cell division in mycobacteria resembles that of most gram-positive bacteria. 
A centripetal invagination of the plasma membrane is followed by formation of 
a cross-wall that splits to form the poles of the two new cells (Burdett and Hig- 
gins, 1978; Rastogi and David, 1981; Takade et al., 1983). Now with advances 
in cell biology techniques, visualization and understanding of the fundamental 
processes in cell division become possible (Dahl, 2004; Stewart et al., 2005; 
Thanky et ah, 2007; Aldridge et ah, 2012; Singh et ah, 2013; Kieser and Rubin, 
2014; Donovan and Bramkamp, 2014; Cameron et ah, 2015). The main steps 
in the symmetrical type of cell division in M. tuberculosis include (1) DNA 
replication and segregation, (2) FtsZ ring assembly and maturation, (3) septal 
invagination with constriction of the envelope layer, and (4) septum closure and 
splitting of daughter cells. FtsZ is a small prokaryotic cytoskeletal protein ana- 
log of eukaryotic tubulin, which polymerizes as a ring preselected site acting as 
a scaffold for assembly of the division machinery, also known as the divisome 
(Bi and Lutkenhaus, 1991; Harry, 2001; Dajkovic and Lutkenhaus, 2006; Barak 
and Wilkinson, 2007). The Z-ring recruits all of the downstream components of 
the divisome and participates in the complete division process (Dziadek et ah, 
2003; Chen and Beckwith, 2001; Hett and Rubin, 2008) (Figs. 4.1-4.25). 

In Mycobacterium spp. the components of the division machinery and 
their assembly at the Z-ring are similar to that of other rod-shaped bacteria, 
but specific features are present that distinguish them from other organisms. 
These features include (1) distribution of Z-ring positions from the middle 
of the cell to near the poles in dividing cells, thus the division sites are more 
dispersed than those in Escherichia coli or Bacillus subtilis\ (2) absence 
of nucleoid occlusion (ie, septum placement independent of nucleoid posi- 
tion); (3) active translocation of chromosomal DNA during segregation; 
(4) unequal growth at the two poles; and (5) different rates of growth for unequal 
siblings (Chauhan et al., 2006; Thanky et al., 2007; Kang et al., 2008; Singh 
et al., 2012; Vijay et al., 2014). Joyce et al. (2012) proposed that asymme- 
try in division is a consequence of unequal polar growth after division site 
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placement. Singh et al. (2013) attributed this to the unequal growth at the 
two poles after Z-ring formation. Recently, unusual cell cycles were cor- 
related with resistant patterns of M. tuberculosis (Farnia et al., 2010). More 
than 40% of the total population of cells, in highly drug-resistant strains of 
tuberculosis, showed a multibranching, budding, or asymmetrical type of 
division. Aldridge et al. (2012) and Wakamoto et al. (2013) have modeled 
how asymmetric growth and division influence cell fate during antibiotic 
therapy in vitro studies. Furthermore, it is suggested that there is a cor- 
relation between an unusual type of cell division in M. tuberculosis and its 
ability to persist in a quiescent state (Barry et al., 2009; Velayati et al., 
2012a, c) (Figs. 4.26-4.54). 



FIGURE 4.1 Mycobacterium tuberculosis in exponential phase of growth. The extensive hetero- 
geneity is observed in the exponential phase of growth. The average size of M. tuberculosis is from 
1 to 3 pm. 




1 04 Atlas of Mycobacterium tuberculosis 



FIGURE 4.2 Mycobacterium tuberculosis undergoing the division cycle. In general, the cell cycle 
is the sum of biosynthetic patterns of cytoplasm, the genome, and the cell surface. 
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FIGURE 4.3 Mycobacterium tuberculosis in exponential cytoplasm synthesis during the division 
cycle, recorded by atomic force microscopy. Each unit of cytoplasm produces a small amount of 
new cytoplasm over a small interval of time. In this process, no particular molecule of the cytoplasm 
is made differently from any other molecule of the cytoplasm. The rate of cytoplasm synthesis and 
the pattern of accumulation of cytoplasm are exponential during the cell division cycle. 
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FIGURE 4.4 Longitudinal section of Mycobacterium tuberculosis in exponential cytoplasm 
synthesis under transmission electron microscopy. Before septum formation the biosynthesis 
of cytoplasm (which is the entire accumulation of proteins, RNA molecules, ribosomes, small 
molecules, water, and ions) and one-dimensional linear DNA structure have occurred. 
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FIGURE 4.5 Mycobacterium tuberculosis starting the cell division cycle under transmission 
electron microscopy. 
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FIGURE 4.6 Bipolar growth in Mycobacterium tuberculosis. Polar growth occurs within the 
context of the cell cycle. The cytoplasmic separation began after clearance of chromosome and 
cytoplasmic content from the midpoint of elongated cells. 
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FIGURE 4.7 Mycobacterium tuberculosis divides into two identical progeny by binary fission. 
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FIGURE 4.8 Mycobacterium tuberculosis daughter cells start to separate. As cytokinesis parti- 
tions the mother cell by separating the cytosolic contents, the two daughter cells are generated. 
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FIGURE 4.9 Longitudinal section of Mycobacterium tuberculosis before daughter cell separation. 
The invagination process or septum {green arrows), the formation that forms two poles in the middle 
of the cell, involves a complex process by which the plasma membrane and inner cell wall grow 
inward but the outer cell wall remains intact. 
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FIGURE 4.10 Cross-section of heat-killed Mycobacterium tuberculosis at the exponential growth 
phase, which has competed septum formation. The septum is composed of four components: a plasma 
membrane and an inner cell wall component on either side of a transparent zone, which had an average 
diameter of 27 nm {red arrows). The width of the septum is approximately 21 nm at each end and 30 nm 
at the center. 
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FIGURE 4.1 1 The separation of septal wall material ( blue arrow ) in Mycobacterium tuberculosis 
recorded by atomic force microscopy. 
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FIGURE 4.1 2 The separation of septal wall material ( red arrows ) in Mycobacterium tuberculosis 
under transmission electron microscopy. 
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FIGURE 4.1 3 The septum at mid-cell of Mycobacterium tuberculosis ( black arrows). In the sym- 
metrical type of cell division, the septum formed at mid-cell, which results in two daughter cells of 
the same size. 
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FIGURE 4.14 Symmetrical type of cell division in Mycobacterium tuberculosis. The precise 
placement of the division site is critically important, and all bacteria, including mycobacteria, must 
have an elaborate division site selection system. This system is composed of a large multiprotein 
complex that is known as the divisome. The divisome contains cytoskeletal-like proteins, structural 
factors, and peptidoglycan synthases and hydrolases, which coordinate the synthesis and then the 
splitting of the septum during cell division. 
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FIGURE4.15 The banding pattern or protruding ridges on the surface of Mycobacterium tubercu- 
losis ( black arrow). One of the earliest events related to the invagination process is the localization 
of the FtsZ protein to the future site of pole formation. The FtsZ protein is localized to the division 
site in a pattern called the FtsZ ring. During the invagination process the FtsZ protein is located at 
the leading edge of the invagination process. 
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FIGURE 4.1 6 The external ridges on the surface of Mycobacterium tuberculosis ( black arrows). 
The position of external ridges near the ends of cells suggests that the cells may have recently 
divided and these ridges are division scars. Alternatively, these circumferential bands might also be 
the locations for future septa formation. 
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FIGURE 4.17 Multiple bands or external ridges on the surface of Mycobacterium tuberculosis 
(arrows). When there is multiple banding it is not clear which are the results of previous cell divi- 
sions and which bands may indicate ongoing underlying septa formation. If the ridges near the ends 
of the cells represent ongoing septa formation, then tubercle bacilli would be able to asymmetrically 
divide. 
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FIGURE 4.1 8 Elongation of Mycobacterium tuberculosis. It is possible for a single cell to accu- 
mulate numerous ridges as cell divisions continue (arrows). 
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FIGURE 4.1 9 Multilocalization of the division site in Mycobacterium tuberculosis (arrows). The 
site location is strongly influenced by the existence of mini-cells. If invagination occurs at multiple 
sites (ie, near a pole and in the center), then a very small DNA-less mini-cell is produced. 
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FIGURE 4.20 During balanced growth, very few DNA-less Mycobacterium tuberculosis daugh- 
ter cells are produced. The new progeny in the right side of the bacillus has enough nuclear material 
(white color ) whereas the new progeny in the left side has much less nuclear content. 




FIGURE 4.21 Segregation of the cell components at the division cycle in Mycobacterium tuber- 
culosis. In a cell that divides to produce two equivalent daughter cells, the segregation problem is 
to ensure that both cells have the same amount of each portion of the cell material. The cytoplasm 
components appear to segregate randomly at division, whereas the segregation of DNA is a regu- 
lated and deterministic process. 



FIGURE 4.22 Separation of daughter cells at the division cycle in Mycobacterium tuberculosis. 
In general, the cell length is heterogeneous in the division cycle, but the cell width seems to be uni- 
form. This may be due to the retention of unsalvageable peptidoglycan in the polar cap. 




(A) (B) 



FIGURE 4.23 Septum cleaving in Mycobacterium tuberculosis recorded by (A) height and (B) friction mode by atomic force microscopy. After the completion 
of septum synthesis the septum is cleaved to physically separate daughter cells. Mycobacteria have an essential peptidoglycan hydrolase, RipA. RipA interacts with 
another peptidoglycan hydrolase, known as resuscitation promoting factor B (RpfB). These two peptidoglycan hydrolases synergistically cleave peptidoglycan. This 
synergy is counteracted by the peptidoglycan synthase PonAl. The balance between PonAl-RipA and RipA-RpfB interactions may be used as a mechanism to 
ensure that the synthesis of the septum precedes its hydrolysis. 
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FIGURE 4.24 Septum cleaving in Mycobacterium tuberculosis recorded by transmission electron 
microscopy. 
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FIGURE 4.25 Daughter cells are separating at division cycle in Mycobacterium tuberculosis. 
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FIGURE 4.26 Zonal cell elongation in one pole in Mycobacterium tuberculosis. Polar growth is 
thought to facilitate diversification of cell shapes, growth plans, and ecological niches. Similar to 
many rod-shaped bacteria, M. tuberculosis contains two poles: an old pole (which is inherited from 
the mother cell) and a new pole (which is synthesized during division). 
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FIGURE 4.27 Starting of new pole formation in Mycobacterium tuberculosis. Polar growth 
requires the simultaneous synthesis of peptidoglycan, arabinogalactan, and mycolic acids. To 
ensure that elongation is directed to the cell poles, cytoplasmic proteins anchor the elongation 
complex at these sites. 
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FIGURE 4.28 New pole formation in Mycobacterium tuberculosis. 
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FIGURE 4.29 Mycobacterium tuberculosis elongate by incorporating new cell wall material into 
the new pole. The rate of elongation is frequently not equal at the old and new poles; therefore the 
resulting daughter cells may be of different size. 
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FIGURE 4.30 Asymmetric bipolar growth in Mycobacterium tuberculosis. This type of growth 
resulted in a longer old-pole cell and a shorter new-pole cell. 
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FIGURE 4.31 Asymmetric septum position in Mycobacterium tuberculosis. In general, any 
division with more than 10% deviation in septum position from the mid-cell site is considered 
asymmetric with an unusually deviated septum, generating a short cell and a long cell. 
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FIGURE 4.32 Transmission electron microscopy shows the round- and rod-shaped bacilli. 
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FIGURE 4.33 Transmission electron microscopy shows formation of round-shaped bacilli from 
rod-shaped mother bacilli. 



Cell Division in Mycobacterium tuberculosis Chapter | 4 135 



FIGURE 4.34 Snapping type of cell division in Mycobacterium tuberculosis recorded by atomic 
force microscopy. Upon completion of cell division, one or both of the two daughter cells suddenly 
swing around, bringing their distal ends closer together while still remaining attached by a small 
region at their proximal ends. 




FIGURE 4.35 V-form bacilli during division cycle recorded by (A) height and (B) friction mode by atomic force microscopy. In Mycobacterium tuberculosis , during 
septum formation the plasma membrane and inner cell wall grow inward but the outer cell wall layer remains intact. Upon completion of septum formation with a cross- 
wall, the inner layer may continue to grow and thus exert pressure upon the outer cell wall layer. The outer layer eventually ruptures first on one side of the cell, and the 
two daughter cells bend in one side, where the outer layer is still intact forming a V-form. 


1 36 Atlas of Mycobacterium tuberculosis 



Cell Division in Mycobacterium tuberculosis Chapter | 4 137 



FIGURE 4.36 Asymmetric constriction and division in Mycobacterium tuberculosis. Bacilli had 
asymmetric constriction and division with unusual deviation in the position of constriction, in the 
typical “snapping postfission,” to give a shorter daughter cell and a long daughter cell. 
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FIGURE 4.37 Asymmetric constriction in Mycobacterium tuberculosis. 


Cell Division in Mycobacterium tuberculosis Chapter | 4 139 



FIGURE 4.38 The totally drug-resistant Mycobacterium tuberculosis is known to form Y-shaped 
cells with branches more interior to the cells. These cells have fully developed dense bodies in polar 
positions, which may indicate they have cytoplasmic and nuclear content. 
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FIGURE 4.39 Y-shaped Mycobacterium tuberculosis can break down into masses of short rods 
or round cells. 
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FIGURE 4.40 Budding in Mycobacterium tuberculosis recorded by the friction mode of 
atomic force microscopy. It was shown that budding does occur in highly drug-resistant strains 
of Mycobacterium tuberculosis. These cells are different from small buds that do not grow to any 
appreciable size. 




4 


FIGURE 4.41 Budding in highly drug-resistant strains of Mycobacterium tuberculosis recorded 
by transmission electron microscopy. 



FIGURE 4.42 Side-wall budding in highly drug-resistant strains of Mycobacterium tuberculosis. 
In general, buds form at the distal end of Mycobacterium tuberculosis cells, but they also can be 
seen on the side wall of cells. 
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FIGURE4.43 Budding in Mycobacterium tuberculosis recorded by transmission electron microscopy. 
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FIGURE 4.44 Atomic force microscopy recorded budding from the distal end of Mycobacterium 
tuberculosis. 
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FIGURE 4.45 Asymmetrical septum in cell division. The cell formed by the asymmetrical type 
of division is different from buds that formed in highly drug-resistant strains of Mycobacterium 
tuberculosis. 
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FIGURE 4.46 The small rod-shaped highly drug-resistant strains of Mycobacterium tuberculosis 
(0.5-0. 6 pm). These cells are capable of dividing and/or branching. 



FIGURE 4.47 Asymmetrical type of cell division in Mycobacterium tuberculosis produces 
daughter cells of unequal size. 





FIGURE 4.48 Symmetrical and asymmetrical type of cell division in Mycobacterium tuberculo- 
sis in the exponential phase of growth. 



FIGURE 4.49 Asymmetrical type of cell division in heat-killed Mycobacterium tuberculosis 
recorded by transmission electron microscopy. 
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FIGURE 4.50 Symmetrical type of cell division in Mycobacterium tuberculosis recorded by 
transmission electron microscopy. 
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FIGURE 4.51 Formation of small round Mycobacterium tuberculosis bacilli from rod-shaped 
mother cells recorded by atomic force microscopy. 
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FIGURE 4.52 The budding type of cell division in highly drug-resistant Mycobacterium tubercu- 
losis recorded by transmission electron microscopy. 
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FIGURE 4.53 The longitudinal section of highly drug-resistant Mycobacterium tuberculosis that 
produces buds. It seems that the new progeny have enough of nuclear material and cytoplasmic 
content. 


152 Atlas of Mycobacterium tuberculosis 



FIGURE 4.54 Asymmetrical type of cell division in highly drug-resistant Mycobacterium tuber- 
culosis recorded by transmission electron microscopy. 


Chapter 5 


Drug- Resistant Mycobacterium 
tuberculosis 


Tuberculosis (TB) remains a major cause of morbidity and mortality worldwide. 
According to the World Health Organization (WHO), one-third of the world pop- 
ulation is infected with Mycobacterium tuberculosis and approximately 9 million 
new cases of TB occur each year. Despite the well-structured treatment programs 
and availability of effective treatment options since the 1950s (Fox et al., 1954; 
Mitchison and Selkon, 1957; Crofton, 1959; Mitchison, 1985; Santha et al., 1989; 
Da Silva and Palomino, 2011; Caminero et al., 2010), the estimated global TB 
mortality rate is close to 2 million (WHO, 2014). These death rates only partially 
depict the global TB threat because more than 70% of the TB patients are in the 
economically productive age of 15-50years (Wejnert et al., 2015; Pealing et al., 
2015). Among the associated risk factors, the HIV epidemic, underlying diseases, 
and decline of the socioeconomic were standard outlined to contribute to the dis- 
ease’s resurgence in different parts of the world (Bames et al., 1991; Kim et al., 
1995; Wang et al., 2005; Kang et al., 2014). Furthermore, the problem of drug 
resistance that was recognized in the very early days of the chemotherapeutic era 
(Pyle, 1947) raises a serious concern (Nachega and Chaisson, 2003). Although the 
resistance to a single agent is the most common type, resistance to multiple agents 
is less frequent but of greater concern (Frieden et al., 1993; Edlin et al., 1992; 
Fischl et al., 1992; Acosta et al., 2014; Caminero, 2015). 

By convention, “multidrug resistance” (MDR) is defined as resistance to at 
least isoniazid (INH) and rifampin (RF) (CDC, 1990, 1991; Vareldzis et al., 1994; 
WHO, 1997, 2000; Martin and Portaels, 2007). WHO estimated that approxi- 
mately 5% of all new TB cases of infections involved MDR-TB (WHO, 2014). 
Strains that combine MDR with additional resistance to at least one fluoroquino- 
lone and one injectable second-line anti-TB drug have been appropriately named 
extensive drug-resistant tuberculosis (XDR-TB; CDC, 2006; Masjedi et al., 
2006; Cohen, 2006; Me Laughlin et al., 2007; Samper and Martin, 2007; Shah 
et al., 2007; Shean et al., 2008; Falzon et al., 2013). Recently, a more danger- 
ous form of TB bacilli was identified, totally drug-resistant tuberculosis (TDR- 
TB) or extremely drug-resistant TB (Migliori et al., 2007; Velayati et al., 2009a, 
2013; Udwadia et al., 2012; Klopper et al., 2013). These strains were resistant to 
all first- and second-line anti-TB drugs (Velayati et al., 2009a,b,c). Collectively, 
9% and 2% of MDR-TB strains become XDR-TB and TDR-TB, respectively 
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(Velayati et al., 2009a, 2010, 2013; WHO, 2014; D’Ambrosio et al„ 2015). How- 
ever, this number may not reflect the correct situation because many laboratories 
in endemic TB countries do not have proper facilities and updated protocols to 
detect the XDR-TB or TDR-TB strains. Consequently, there is a stressing concern 
for additional control measures, such as new diagnostic methods, better drugs for 
treatment, and more effective vaccines (Weyer et al., 2013; WHO, 2014; Delogu 
et al., 2015; Andersen and Urdahl, 2015), to prevent the spread of these strains 
around the world. 

The drug resistance to M. tuberculosis results from spontaneous and random 
mutations in the bacterial chromosome that results in reduced susceptibility to 
specific agents (David, 1970; Rastogi and David, 1993; Fox et al., 1999; Joshi, 
2011). Although these mutations are rare events, a mutation early in multiplication 
produces a clone of resistant bacilli that are more frequently found. The incident 
of drug-resistant cases depends on the number of bacilli and the probability of 
drug-resistant mutants in the lesion. The mutation rates were 2.6xl0 -8 for INH 
and 2.2 x 10 -10 for RF, whereas the more useful estimates of the highest propor- 
tion of mutants that can be expected in an unselected bacterial population were 
found to be 3.5 xlO -6 for INH and 3.3 xlO -8 for RF. For double drugs the rate 
is from 10 -12 to 10 -14 and 10 -18 to 10 -20 for three drugs (David, 1970; Crofton, 
1970; Shimao, 1987; Grange, 1990; Davis, 1994; Colijn et al., 2011). Recent data 
have demonstrated that subpopulations of drug-tolerant persister cells are present 
even in growing- and stationary-phase cultures of M. tuberculosis (Keren et al., 
2011; Sarathy et al., 2013a-c). This drug tolerance phenomenon is typical of TB 
and is partly attributed to the pathogen’s ability to remain sequestered in macro- 
phages and other stress-inducing microenvironments in a nonreplicating state of 
persistence (David, 1970; Mitchison, 1998; Chao and Rubin, 2010). There is no 
evidence that shows acquired genes or plasmids play a role in the emergence of 
antimicrobial resistance. However, the phenotypic and genotypic basis of drug 
resistance has been demonstrated (David, 1970; Zhang et al., 1992; Banerjee 
et al., 1994; Wilson and Collins, 1996). Therefore the natural drug resistance in 
M. tuberculosis is an important obstacle for the treatment and control of TB. This 
resistance has traditionally been attributed to the unusual multilayered cell enve- 
lope and active multidrug efflux pumps (Russell, 1969; Wayne et al., 1996; Wayne 
and Sohaskey, 2001; Sarathy et al., 2012, 2013a,c). 

The cell envelope of M. tuberculosis is several-fold less permeable to chemo- 
therapeutic agents when compared with functionally similar cell walls of other 
bacteria (Jarlier and Nikaido, 1994; Brennan and Nikaido, 1995; Ortalo-Magne 
et al., 1995; Daffe and Draper, 1998; Daffe and Etienne, 1999). It is assumed that 
hydrophobic compounds more readily penetrate the cell walls by simply dissolv- 
ing into and through the lipophilic cell wall, whereas the influx of hydrophilic 
compounds is largely facilitated by water-filled open channels that span the cell 
wall (Nikaido, 1994, 2003; Liu et al., 1996; Barry, 2001; Sarathy et al., 2013). 
In addition, M. tuberculosis has several adaptive mechanisms that increase the 
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FIGURE 5.1 Cross-sections of susceptible Mycobacterium tuberculosis. The cell wall thickness 
is ~ 1 5 .6 + 1 . 3 nm. The cell envelope is several-fold less permeable to chemotherapeutic agents com- 
pared with functionally similar cell walls of other bacteria. 


level of their tolerance by preventing or minimizing their entry (Nikaido and 
Rosenberg, 1981; Nikaido, 2003; Sarathy et ah, 2012). Drugs inhibiting these 
intrinsic systems would enable the entry of many antibiotics and would render 
M. tuberculosis more susceptible to various antibiotic classes (Martin and 
Portaels, 2007) (Figs. 5.1-5.16). 
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FIGURE 5.2 Longitudinal section from heat-killed susceptible Mycobacterium tuberculosis. The 
entire cell envelope can be divided into two main structural components: the cell membrane and cell 
wall. It is widely believed that the unusually high mycolic acid content, combined with various other 
intercalated lipids, contributes to the wall’s limited permeability. 
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FIG U RE 5.3 Cross-section of cell wall of Mycobacterium tuberculosis. The cell envelope is struc- 
turally distinct from that of gram-positive and gram-negative bacteria. The outer leaflet of the cell 
wall is composed of mycolic acids, which are covalently linked to the arabinogalactan-peptidogly- 
can complex of the inner leaflet. 
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FIGURE 5.4 Cross-section of cell wall of multidrug-resistant strains of Mycobacterium tubercu- 
losis. The thickness of the cell wall is —17.1 + 1.03 nm. Mycobacteria are capable of producing a 
multitude of mycolic acids with varying lengths and modifications depending on the species, strain, 
and growth conditions. 
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FIGURE 5.5 Cross-section of cell wall of multidrug-resistant strains of Mycobacterium tuber- 
culosis. The differences in cell wall thickness may be attributed to the mycolate-to-peptidoglycan 
ratio, which needs to be investigated. 
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FIGURE 5.6 Cross-sections of the cell wall of extensively drug-resistant tuberculosis bacilli. The 
basal peptidoglycan layer is more electrons dense and in some cases was almost fused with the 
intermediate electron-transparent layer. 
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FIGURE 5.7 Cross-sections of the cell wall of extensively drug-resistant tuberculosis bacilli. The 
thickness of the peptidoglycan layer reaches 12-19nm, whereas the same layer was 8-10nm in 
susceptible cells. 
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FIGURE 5.8 Cross-sections of the cell wall of extensively drug-resistant tuberculosis bacilli 
(XDR-TB). The XDR-TB is defined as strains resistant to at least one fluoroquinolone and one 
injectable second-line anti-tuberculosis drug in addition to isoniazid and rifampicin. Decreased cell 
wall permeability is suspected to influence fluoroquinolone resistance in Mycobacterium tubercu- 
losis. 
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FIGURE 5.9 Transmission electron microscopy shows a totally drug-resistant tuberculosis bacilli. 
The cell wall thickness is observed in more than 50% of total populations. The cell wall thickness 
is variable from 20 + 2.5 to 35 + 1.5 nm. 
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FIGURE 5.10 Totally drug-resistant tuberculosis (TDR-TB) bacilli recorded by atomic force 
microscopy. The cell wall thickness is predominating in TDR-TB bacilli. This increase in cell wall 
thickness is believed to render them less susceptible than susceptible Mycobacterium tuberculosis. 
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FIGURE 5.1 1 Cross-section of cell wall of totally drug-resistant tuberculosis bacilli recorded by 
atomic force microcopy (AFM). The cell wall thickness is clearer with AFM than transmission elec- 
tron microscopy (TEM). Because interpreting TEM images requires more caution because electron 
microscopy analyses of ultrathin sections are performed with specimens from which water has been 
removed, water-soluble molecules may consequently aggregate and lipid molecules may be prone 
to extraction or rearrangement by organic solvents during dehydration. However, the cross-section 
using AFM was performed in water, and there is no need to dehydrate the samples. Under AFM the 
cell wall thickness reaches 35 + 1.5 nm, almost triple what is usually present in susceptible forms. 
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FIGURE 5.1 2 Longitudinal section of totally drug-resistant tuberculosis bacilli. 
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FIGURE 5.13 Longitudinal section of ovoid-shaped totally drug-resistant tuberculosis bacilli 
under transmission electron microscopy. The cell wall thickness is variable from 20 + 2.5 to 
35 + 1.5 nm. 
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FIGURE 5.14 Totally drug-resistant tuberculosis (TDR-TB) bacilli recorded by atomic force 
microscopy. The TDR-TB bacilli were investigated after 72 h of co-culturing the bacilli in a cocktail 
of first- and second-line tuberculosis drugs. The cell wall damage is partial. 
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FIGURE 5.15 Ovoid-shaped tuberculosis-resistant bacilli. It has been shown that in 
Mycobacterium tuberculosis several pathways exist for compounds to cross the cell envelope. 
Among them are porins on the surface, which facilitate the influx of hydrophilic compounds. 
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FIGURE 5.16 The cell surface of totally drug-resistant tuberculosis bacilli recorded by atomic 
force microscopy. 



Chapter 6 


Latency in Mycobacterium 
tuberculosis 


Mycobacterium tuberculosis can persist within the human host for years with- 
out causing diseases in a syndrome known as latent tuberculosis (LTB; Opie and 
Aronson, 1927; Amberson, 1938; Feldman, 1938; Feldman and Baggenstoss, 
1939; Sweany et al., 1943; Harada, 1976; Dannenberg, 1993; Hernandez- 
Pando et al., 2000; Lillebaek et al., 2002). The shift of M. tuberculosis into a 
persistence state can occur after initial infection (preantibiotic persistence) or 
after completion of TB treatment in TB patients who developed late reactiva- 
tion (postantibiotic persistence; McDermott, 1958, 1959; Tomasz et al., 1970; 
Tuomanen, 1986; Khomenko, 1987; LeCoeur et al., 1989; Fox et al., 1999; 
Balasubramanian et al., 1994; Alland et al., 1998; Grange, 1998; Parrish et al., 
1998; Michele et al., 1999; Wilson et al., 1999; Wallis et al., 1999; Flynn and 
Chan, 2001; Rieder, 2002; Cardona and Ruiz-Manzano, 2004; Gomez and 
McKinney, 2004; Cardona, 2007; Li et al., 2014). 

Today more than one-third of the world’s population (~2.2 billion individu- 
als) is estimated to harbor LTB infection, of which 2-23% will develop active 
TB during their lifetime (WFIO, 2008, 2013, 2014; Esmail et al., 2014). The 
reactivation process can be altered with HIV infection, malnutrition, drug use, 
cancer, diabetes, chronic renal insufficiency, and immunosuppressive drug ther- 
apy (Rastogi, 1993; Rastogi and Barrow, 1994; Parrish et al., 1998; Flynn and 
Chan, 2001; Ruslami et al., 2010; Ottmani et al., 2010; Esmail et al., 2014). 
Therefore more efforts must be devoted to better control their progression 
and to better understand the latent state. In the last 2 decades significant prog- 
ress has been made to develop and characterize various aspects of LTB cells 
(Corper and Cohn, 1933; Wheate, 1951; American Trudeau Society, 1953; 
Reed, 1957; Vignal, 1882; Mitchison and Dickinson, 1978; Wayne, 1976; Wayne 
and Lin, 1982; Mochizuki, 1991; Morita, 1993; Kaprelyants et al., 1993; Wayne 
and Sramek, 1994; Mukamolova et al., 1998; Cunningham and Spreadbury, 
1998; Michele and Bishai, 1999; Zhang et al., 2001; Mostowy and Behr, 2002; 
Shleeva et al., 2002; Betts et al., 2002; Gengenbacher et al., 2010; Chao and 
Rubin, 2010; Shleeva et al., 2011). After the introduction of TB chemotherapy 
in the late 1940s, surgical resection of tuberculous lesions became increasingly 
common and provided material for numerous bacteriological studies. Several 
reports in the mid-1950s showed that many acid-fact bacilli could be observed 
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by microscopy in TB patients on chemotherapy (Beck and Yegian, 1952; Med- 
lar et al., 1952; ATS, 1953; Hobby et al., 1954; Loring and Vandiviere, 1956; 
Wayne, 1956). However, most of these lesions failed to yield culturable bacilli; 
this was especially true of “close lesions” lacking patent bronchial communica- 
tion. However, whether these visible but nonculturable bacteria were truly and 
irreversibly dead or were instead “viable but nonculturable” remained the sub- 
ject of vigorous debate. 

The Cornell model of latency was the first experimental evidence of the 
existence of latent bacilli in an in vivo model, and it is widely considered 
to be the experimental source of latent bacilli. The model was developed by 
McDermott and his colleagues at Cornell University in the 1950s. In this model, 
outbred mice were infected intravenously with approximately 10 s colony- 
forming units of laboratory strains of M. tuberculosis. They were immediately 
treated for a period of 12 weeks with the antimycobacterial drugs isoniazid and 
pyrazinamide. For a 4- to 6-week period after withdrawal, the mice showed 
no evidence of culturable tubercle bacilli. This is termed the “sterile” state of 
LTB. However, after 12 weeks the culturable bacilli were recovered in two- 
thirds of infected mice. In fact, it became clear that the drugs had not eradicated 
the infection but merely rendered it “latent” in the sense that the presence of 
the infection cannot be demonstrated by any of the available methods and its 
presence can only be detected in appearance as relapse (ie, reappearance of 
culturable bacilli in the tissues; McCune and Tompsett, 1956; McCune et al., 
1956, 1966). The rate of relapse could be increased to 100% with 1 mg/day _1 of 
cortisone for 20 days. Soon it was demonstrated that rifampicin could sterilize 
lesions in a remarkably short period of time compared with other drugs (Waksman, 
1964; Mitchison, 1979, 1985). 

Later on, based on the speed of growth of bacilli, Mitchison and 
Dickinson (1978) proposed a bacillary population in TB lesions. Bacilli 
with a high metabolism were highly susceptible to chemotherapy, a medium 
speed of growth, or “spurts of growth” “were susceptible to pyrazinamide or 
rifampicin, but not to isoniazid, and finally a latent bacilli showed no met- 
abolic activity and were not sensitive to chemotherapy” (Mitchison, 1979; 
Grosset, 1980; Fox et al., 1999; Cardona and Manzano, 2004). Collectively, 
in most in vivo studies the existence of a subpopulation of bacteria that are 
phenotypic ally tolerant to the effects of antibiotics was demonstrated. How- 
ever, the conditions that trigger the tolerant state were not cleared. Patho- 
logical studies on human lesions led to the hypothesis that the development 
of potentially bacteriostatic tissue environments (eg, reduced oxygen ten- 
sion, nutrient limitation, or acidic pH) could result in the acquisition of drug 
tolerance by nonreplicating bacteria (Mochizuki, 1991; Wayne and Hayes, 
1996; Hu et al., 1998; Betts et al., 2002; Karakousis et al., 2008; Deb et al., 
2009; Shleeva et al., 2011). This hypothesis was encouraged by the studies of 
Corper and Cohn (1933), who showed survival of 0.01% of clinical isolates at 
37°C after 12years in sealed cultures. Wayne (1976, 1981) conducted studies 
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regarding the bacteriological state of M. tuberculosis. In his model, cultures 
of M. tuberculosis are subjected to gradual oxygen withdrawal by incuba- 
tion in sealed containers with controlled agitation. It was shown that after a 
progressive introduction to a low oxygen pressure, M. tuberculosis changed 
its metabolism by enhancing some enzymes, mainly isocitrate lyase and gly- 
cine dehydrogenase, to generate a reduced nicotinamide adenine dinucleo- 
tide so as to obtain energy through a fermentative metabolism (Wayne and 
Lin, 1982). However, these experiments did not answer the question of how 
bacilli may survive the stress condition in activated macrophages (eg, a low 
pH and a high concentration of radical oxygen intermediates and radical 
nitrogen intermediates; Ulrich et al., 2004). Considering an in vitro model 
of latency, Kaprelyants et al. (1993) distinguished three major physiological 



FIGURE 6.1 Mycobacterium tuberculosis after 2 weeks under stress conditions. The cell cultured 
under zero oxygen and low-nutrient Dubos medium (0.03% Tween and 10% Dubos albumin supple- 
ment) without glycerol and with stirring. 
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FIGURE 6.2 Mycobacterium tuberculosis after 1 month under stress conditions. M. tuberculosis 
developed cell wall thickening (21.5 + 1.8 nm). The cell wall thickening may act as a protective 
coat and may offer protection against hostile environments by restricting the exchange of metabolic 
activity. 


states for bacilli: (1) viable (culturable) bacilli that may divide, (2) dormant 
bacilli with a low metabolic activity that are unable to divide without a pre- 
ceding resuscitation phase, and (3) nonviable (nonculturable) bacilli that 
cannot divide. However, it is difficult to extrapolate these data to the real cir- 
cumstances experienced by the bacilli inside macrophages (Figs. 6.1-6.15). 

The presence of nonacid-fast, cell-wall-defective variants of tubercle 
bacilli that was reported by Much (1907) became more evident. These cells 
were isolated from clinical specimens and mycobacterial cultures (Khomenko, 
1987; Chandrasekhar and Ratnam, 1992). These forms seemed to be induced 
by the administration of antibiotics, as is the case with many other organisms 
(Mattman, 1970, 2000). In this respect a few investigators also proposed the abil- 
ity of bacteria to exist as a population of self-replicating forms with defective or 
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FIGURE 6.3 Mycobacterium tuberculosis after 3 months under stress conditions. More than 
10-15% of cells under stress conditions show folding phenomena. It seems that rod-shaped 
M. tuberculosis folded from the center in such a way that the two ends of the bacillus (ie, head and 
tail) approached each other. 


entirely missing cell walls (Markova, 2012). More recently, we showed latent 
M. tuberculosis as a complex mixture of acid-fast and nonacid-fast cells. The 
percentage of cells depends on the time of culture, and the survival strategies are 
correlated with cell shape, size, and conspicuous loss of acid fastness (Velayati 
et al„ 2011, 2012, 2016; Velayati and Farnia, 2012a,b) (Figs. 6.16-6.20). 
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FIGURE 6.4 Mycobacterium tuberculosis after 3 months in stress conditions recorded by atomic 
force microscopy (AFM). In general, such a type of folding cells was reported as round or oval- 
shaped bacilli by using transmission electron microscopy. Only after using AFM did it become clear 
that these cells are actually folded M. tuberculosis. 
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FIGURE 6.5 Mycobacterium tuberculosis after 6 months in stress conditions recorded by atomic 
force microscopy. The number of folded bacilli will increase to 50% of the total population by the 
end of 6 months of incubation under zero oxygen and nutrients. 
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FIGURE 6.6 Mycobacterium tuberculosis after 8-10months in stress conditions recorded by 
atomic force microscopy. In stress conditions the microorganisms begin to adapt by changing their 
shape and reducing their size. In this regards, M. tuberculosis, similar to other bacteria, depend 
on laws of diffusion for bringing compounds to their surfaces and mixing them with macromol- 
ecules in their cytoplasm. Therefore to import nutrients in harsh environments M. tuberculosis must 
increase their surface area without increasing the surface-to-volume ratio, which can occur when 
Mycobacterium fold and change their shape from a rod to a round shape. 
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FIGURE 6.7 Mycobacterium tuberculosis after 12-18 months in stress conditions recorded by 
atomic force microscopy. The ovoid- or round-shaped bacilli are usually formed either by folding 
phenomena or by an asymmetrical or budding type of cell division. Although these cells look very 
similar in their appearance (by transmission electron microscopy), they have a different surface 
roughness and cell wall thickening. 
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FIGURE 6.8 Ovoid-shaped latent Mycobacterium tuberculosis formed by an asymmetrical type 
of cell division. 
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FIGURE 6.9 Culture of Mycobacterium tuberculosis after 26 months in stress conditions recorded 
by the deflection mode of AFM. At the end of 26 months the smears from sediments of culture tubes 
had a mixed population of rod-shaped (10-15%) or round (85-90%) cells with the average size of 
0.5-1 pm. 
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FIGURE 6.10 Mycobacterium tuberculosis after 18-26 months under stress conditions recorded 
by the deflection mode of atomic force microscopy. The cell pellets were obtained by filtering 
(Millipore filter; 0.2 pm) and centrifugation ( 14,000 rpm for 30 min) of culture media. The filtered 
sediments consisted of uniformly nonacid-fast oval- or round-shaped cells with an average size of 
0. 1-0.3 pm. 
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FIGURE 6.11 Spore-like cells of Mycobacterium tuberculosis detected in anaerobic culture. In 
the experimental setup the spore was detected after 18 months of dormancy (Velayati et al., 2011). 
The term dormancy is used to describe tuberculosis diseases and the metabolic state of the tubercle 
bacillus. 
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FIGURE 6.12 Spore-like cells of Mycobacterium tuberculosis. The spore-like cells could not 
withstand temperatures above 65 °C, and they failed to form a heat-resistant colony-forming unit. 
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FIGURE 6. 13 Spore-like cells of Mycobacterium tuberculosis recorded by height mode of atomic 
force microscopy. 
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FIGURE 6.1 4 Rupturing the spore-like cells of Mycobacterium tuberculosis. Spore-like cells rup- 
turing and producing small-sized progeny (150-250nm) that are nonacid fast (Velayati et al., 201 1). 



(A) (B) 



FIGURE 6.1 5 Nonacid-fast bacilli (cell wall-free) recorded by (A) height and (B) friction mode by atomic force microscopy (Velayati et al., 2016). 
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(A) 


(B) 



FIGURE 6.1 6 Persister-like cell detected in blood sample of multidmg-resistant tuberculosis patients after completion of therapy (Velayati et al., 2012) recorded 
by (A) height and (B) friction mode by atomic force microscopy. As a pathogen Mycobacterium tuberculosis manifests its unusual capacity to persist in many ways. 
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FIGURE 6.1 7 Persister-like cell of Mycobacterium tuberculosis recoded by height mode of atomic 
force microscopy. To image these cells the silicon surface is charged with polyclonal rabbit anti- 
mycobacterium antibody. Persister-like cells are small, round or oval in shape, and their numbers are 
variable in different specimens (Velayati et al., 2012). 
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FIGURE 6.1 8 Dormant cell of Mycobacterium tuberculosis preparing for division cycle recorded 
by height mode under atomic force microscopy. Dormancy is strongly associated with an in vitro 
model of M. tuberculosis growth under limiting oxygen tension. Whether these dormant cells are 
capable of dividing is not yet clear and requires further investigation. 
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FIGURE 6.1 9 Cell- wall-defiant Mycobacterium tuberculosis preparing for division cycle recoded 
by height mode under atomic force microscopy. 
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FIGURE 6.20 Rod-shaped latent Mycobacterium tuberculosis recorded by height mode under 
atomic force microscopy. Ten to fifteen percent of the total population under dormant condition 
remained acid fast and had an original shape with an average size of 0.2-0. 5 pm. 
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